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FOREWORD

Several attempts have been made in the past by scientists experimentally active in thermodynamics of alloys either to
organige discussion meetings or to find a riche at some other conference. All these efforts have not succeeded in establishing a
permanent sequence of meetings which would provide a possibility for a recurrent exchange of information and results for the
practitioners in this feld of science. Two years ago, in April 1988, another discussion meeting was held in Vienna, Austria,
with a strong possibility that another attempt would come to naught. By gentle persuasion our Spanish colleagues could
be icduced to pick up the torch and organige the sequel conference in May 1990 - and with the promise of Prof. Herts to
foilow up with a discussion meeting in Nancy, France, in 1992 a series of conferences has been finally established which should
provide a sounding board for ideas and results in th. feld of thermodynamics of alloys.

The present proceedings of the discussion meeting in Sant Feliu de Guixols show the breadth of interests and the interna-
tional scope. Scientists of nine countries met for four days, presented their results and exchanged experiences. It would be
indeed arbitrary to try and select high lights from among the papers presented in these proceedings, and it will be best left
to the reader to choose according to his/her interests.

It was very gratifying to note the presence of many younger scientists who by their coaiributions demonstrated that they
are quite ready to continne and promote the field of thermodynamics of alloys. This discussion meeting would not have been
possible without the superb organigation by Prof. Mora and Prof. Clavaguera, and their coworkers. They not only chose a
lovely place on the Costa Brava but also took care to provide a well balanced mix of science and relaxation. The international
scientific community owes them a great debt- both for a job extremely well done as far as the conference is concerned and for
forging the so far missing link to establish a continuing series of Lae meetings.

K.L. Komarek
University of Vienna




PREFACE

This 2epecial issue of * Anales de Ffsica® contains the proceedings of the Discussion Meeting on Thermodynamics of Alloys
which was held in Sant Feliu de Guixols (Costa Brava, Catalonia) Spain, from 23 to 26 May 1990, organized by the Physics
of Materials Group of the Autonomous University of Barceclona

The scientific program covered different aspects of the determination of thermodynamic quantities, possible theoretical
modeling and calculations. It consisted of seven plenary lectures of one hour, twenty two oral and ten poster contribusions.

The Discussion Meeting was attended by about sixty scientists comming from ten countries, reflecting the interest in the
research and development of the thermodynamic problems.

In this proceedings ure compiled most of the plenary lectures and the contributed papers presented at the Discussion
Meeting. The later were subjected to a fast-refereeing procedure during the Discussion Meetiug 2nd revisions have been
made if necessary. We express our thanks to all the authors for accepting to keep their papers limited in leagt: and for their
cooperation in preparing camera-ready typescripts. Also, thenks are due to the various referees for their critical reauing of
the papers.

Finally it is our pleasure to announce that the next Discussion Meeting will be held in Nancy, probably in 1992, being
chaired by Professor J. Herts.

Bellaterra/Barcelona, August 1990

M.D. Baré

N. Clavaguera
S. Suridach
Editors
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DETERMINATION OF THE THERMODYNAMIC PROPERTIES OF FORMATION
OF ALLOYS AT HIGH TEMPERATURES

J. HERTZ and J.C. GACHON

Laboratory of Metallurgical Thermodynamics
University of Nancy I - U.R.A CNRS 1108
B. P. 239 - 54506 Vandoeuvre-les-Nancy Cédex (France)

Abstract : The determination of the thermodynamic functions of formation of alloys is
examined in the light of the own experience of the authors. At high temperature,where the
entropy term becomes important for the stability of each phase it is very important to obtain the
two components of thc Gibbs function : the enthalpy and the entropy. Experimental
measurements of the chemical potential allow, by derivation versus temperature, to deduce the
partial enthalpy and the partial entropy. But for an accurate knowledge of the enthalpy,
calorimetry is needed. There exist two types of calorimetric method : direct, by reaction
between the components of alloys or indirect mixing calorimetry in a solvent. In any case the
most efficient way is to "cross" the experimental values obtained for the enthalpies with other
results involving the Gibbs function. In this direction the "Calphad” method can be used as a
real experimental tool when a good knowledge of the phase diagram is available Jt is also
possible to "cross"” the enthalpies with E.M.F., vapor-pressure, mass—spectrograpﬁ? ... The
determination of a complete set of thermodynamic data for cach system appears as a real

strategic game.

At the beginning of the preparation of this
lecture we first thought of speaking only about the
experimental ways to measure the thermodynamic
properties of formation of alloys. In fact our lab in
Nancy is especially an experimental laboratory and,
since many years, we have engaged heavy cxperimental
programs in view of determining thermodynamic
functions related to the formation of alloys. But
considering the strone interaction existing hetween the
real experimental measurements and the estimations of
data obtained by optimizations of phase diagrams, we
think that it is more ecquitable 10 speak about the
"determination"” of thermodynamic properties.

The choice of the method to determine any
numerical value in the tieid of thermodynamics is
never predetermined and robody can pledge his word
that any such particular way is the best. In fact any
determination of a thermodynamic quantity for any
systerm is based on the analysis of the situation :

1) What has to bec donec with such a

determination?

2) How many time can we spend to obtain it?

3) What is the budget allowed to get it?

4) Does it exist anybody in the world who alrcady
got a value of that quantity ? (literature
exploration).

5) Is it possibie that any technique developped in

my surroundings can produce a good dircct or

indirect information on this numerical value?

If the balance of all these arguments decides
your group to undertake the determination of this
numerical quantity you are engaged in a strategic
game.

1 - What kind of thermodynamic properties
for alloys?

1-1 The Gibbs function

Alloying properties arc determined by the Gibbs
function g and this function can be taken as composed
of two parts, the enthalpy and the entropy terms :

g:h‘T.S (])

Any integral quantity, in a multicomponent system, is
the sum of its partial quantitics:

g = in “i (2)
with K= h; -T 5 (3)
h= Z x; h, 4)
s- XA, (5)

Chemical potentials pj are the partial molar
quantitics of the Gibbs function. Mcasurement of any
Gibbs function requircs the establishment of a
reversible equilibrium in a cell and the determination
of all the component chemical potentials. The universal
method to do that is the mass spectrography in which it
is possible to mcasure independently the chemical
potentials of all the species. This is a very heavy and
difficult technology which needs very specialised
groups. I am not familiar with it and I don't like to
speak about it. Recently, Necker has published a very
complete review of this question (1). In addition to
mass spectrography there exist various other methods
to obtain information on the chemical potentials in the
system :

- vapor pressure measurements and
~quivalent methods : effusion. i~ sisstic ...

- e.m.f measurements.

Generally speaking, by such methods, we are not
able to characterise all the chemical potentials of all the




species. But if we are dealing with binary <systems the
measurement of onc component chemical potential 1s
cnough, considering the Gibbs Duhem isobaric -
1sothermal relation

xpdpg+ x2dpnx =0 6)
which can be mntegrated.

1 - 2 The entropies

Generaly speaking entropies are the most
difficult quantities to obtain @ the unigue way to
measure directly this kind of function would be the
itegration of heat capacties, Cp, from 0 1o T/K :

.

C, v
s= T usiag the Nemst postulate (7)

I

We think that only a few laboratories (or
perhaps none) in the world are engagea in such a
program of determination  of Cpin wide ranges of
composition and temperature.

1-3 The two
Gibbs function

derivations of the

In fact, the most information conccrning
entropies is deduced from Gibbs function
measticticats, There exist two kinds of derivation of
the Gibbs tunciton :

The Gibbs-Helmhol, derivation

LY (8\,

b

The Van tHoft derivatuon

A 9
el ) 9

rnese two tormurae express that both enthalpices

and entropics can be determined startung only trom
Gibbs measurements at different temperatures.

1 - 4 The enthalpies

But the best method o measure accurately the
enthalpies remains the calorimetry. The heat flow
linkea to any evolution ot a system placed in the cell
of a calorimeter, 4l CORSLARL Pressure. measures
directly the vanation AH of the system enthalpy.

1 - 5 Crossed strategies

It is often possible to combine the Gibbs integral
or partial functions with the cnthalpy @ if it 1s possible

to measure separately g and h we deduce 57 -

without any derivation versus [Cmperature,

1 - 6 General view on the experimental
primary informaticns

Tabic T summarises the primary methods o
obtain experimental function of mixing : it ¢can been
scen that, the most often, integral enthalpies and
partial Gibbs potentiais arc got. Nevertheless for
liquid phases the partial enthalpics arc also often
available.

Table I Primary exverimental information for binaries.
Thermodynamic tunctions oi mixing.
hi h Hi g
Direct reacuon 1) Integrauon of wiass spectrography Gibbs-Dubem
Liquid calorimetry by 2) Direct reaction E.M.E inlegration or sinular
alloys addition of calorimetry at various vapor pressure (CALPHAD-mudelisaton)
components concentrations cffusion fisopicsuc
1) indirect mixing Thas>-Speclrography (nbbs-Duhem
calorimetry E.MF integration or
Solid in a solvent bath Vapor pressure simmilar
solutions 2) Direct reaction isopicstic (CALPHAD-modelisation)
calorimetry starting
from components
1) Indirect mixing Mmass-specuography Gibbs-Duhem
calorimetry in a EMF ina integration or simular
solvent bath two-phase domain (CALPHAD- modetisation)
23 Direct reaction
calonimetry
Compeound 3) Precipitation of a
componnd n a liguid hath
3-1 stoechiometric
composition
3-2 Euler equation with
partial cnthalpies




2 - Optimization of diagrams

(CALPHAD Methods)

phase

There exist also various programs for
optimization of phase diagrams. This method can be
uscd cither for determining the equilibrium phases in a
system under various condtitions or also (on the
contrary) for estimating the thermodynamic functions
of  mixing of any phase in the system. The results
which are obtained depend slightly on the model used
for representation of the Gibbs functions and aiso on
the mathemaucal method of optimization. Nevertheless
there 18 a wniversal method to transforme a lot of
fragmentary information about thermodynamic
propertics (for a system) into a full set of coherent
data. (Tablc {I). We call this method the "CAI PHAD
method” by reference to the international group
devoted to the development of such optimizations.
Polvnomial developments of the excess Gibbs cnergy is
a rather old idea. Historically, for binarics, the method
1s related to Margules equation (10), where the excess
Gibbs function 1s expressed by a polynomial
development of one mole fraction x

ge=x(1-x) Y ajx1i a0

An improvement was introduced by Redlich and Kister
(11) for binarics, using simultancously the two mole
fractions :

g8 = x1 x2 Y.ai (x1-x2)1 (11)

[}

This kind of development can be casily extended
1o ternarics and multi-component systems. Hillert (12)
has presented a review of these extensions for
tcrnaries. The interest of the first Redhich-Kister
asymetric term concerns its identity with the first
degree term of orthogonal Legendre polynomials :

X]-X2=2x-1 (12)

These orthogonal polynomials have been used by
Peclton ct al (3) and more recently by our group in
Nancy in the program NANCYUN ( 6)

Table 11 Optimization of the phase-diagram
Ingredient inputs: modelisation of output : full cohcrent
{(fragmentary infcrmation) the excess Gibbs functions set of data
x (1) line 1) Polynomial development x (1) lines
hi "F*A*C*T" Pchion (2) hi
h “Lukas” (3) h
Si "Extxd” Oonk and al (4) ¢t (5) sj
s "Nancyun” (6) s
Hi 2} Sublattice model : Hillert (7) i
g “Thermo-Calc” Sundman and Agren (8) g
3y Hoch and Arpshofen model(9
4) Suatistical models

Fig 1-Calvet's type sensor designed by Gachon for service up to 1900K.
The thermopile contains about 400 thermocouple-junctions.




]

3 - High temperature calorimetric data

Now what about the mcaning of high
temperature measurements ? It is possible to
define the high temperature domain as the diffusion
domain, for metallic phases, which is located above
about half of the melting temperature of the phase
expressed in kelvins. For lead alloys, for instance, high
temperature starts at room temperature. But we are
sure that the organising cemmittce of this mecting
would be somewhat disapointed if we limit this lecture
o room icmperature experiments. Generaly speaking
there exist a 1ot of new experimental difficulties when
working  above 1000°C. This is the reason why we
have chosen to speak about the determination of
thermodynamic data of mixing above
1000°C...These new experimental difficulties concemn
threc main points :

! - The choice of the scnsor to detect the
calorimetric heat effect,

[T - The reaction of the metallic substance with
the crucible,

I - The high vapor pressure of the alloys which
can induce important losses of mater by vaporisation
or sublimation, associated with a systematic error for
the heat of mixing. To avoid this difficulty, it seems to
us, that the best way, when possible, is to obtain a very
quick reacuon between the condensed phascs dropped
into the calorimeter, so that the vaporisation proccss
becomes no  significant during the reaction
measurcment. That means that always higher
temperatures will be needed.

We would not like to do here a complete review
of the calorimetric methods in mctallurgy, this has
been done very recently by Castanet (14) for the Nato
school "Thermochemistry of alloys” and we
reccommand the lecture of this highly documented
revicw. Previouscly, we have also presented a review
focusing the application of the calorimetric methods in
the ficld of metallurgy (15). The most important basic
principies of calorimetric methods in metallurgy were
well described (16) by Predel, Arpshofen and Pool in
1978.

Calorimetric thermopiles for Calvet-type or
simtlar devices are cfficient up to 1500°C in special
apparatus. But at this high temperature the lifetime of
the sensor is often very short and we are considering
the sensor as a consumable part of the calorimeter.

Figurc 1 shows a new thermopile designed by
Gachon. This sensor is made of more than 400
thermocouple junctions made  of special platinum
alloys. It looks like a rcal Calvet-type thermopile and it
is efficient up to 1600°C in an oxidizing atmosphere
and up to 1500°C in a highly reducing one.

Up to 2400°C it is possible to perform scmi-
guantitative DTA. Commercial cells are built of
refractory metals like tungsten and rhenium, and  that
mcans that only a reducing atmosphere is aiiowed
(Figure 2).

OTA  Rod

WIRE _HOCK

TUNGSTEN PLATE

Fig 2-The 2700 K DTA sensor by SETARAM.

3 - 1 Radiation calorimetry

But the real new improvement concerns the use
of thc radiation signal of the sample, at high
temperature, 1o measure the hcat flow. Stefan's law
induces that the radiation hcat flow becomes
predominant at very high temperature. Frohberg (17)
has made, with his coworkers, in Berlin, a levitation
calorimeter based on radiation meas.irement. The
principle of the device is explained on figure 3. Using
a twocolor pyrometer it is pessible to follow the
variation of temperature of the sample during the
rcaction process and to correct it from the variation of
thc emissivity coefficient. Frohberg determines the
time when the loss of heat, by radiaticn, is equal to the
gain of heat, by clectrical induction. At this precise
time the extrapoled tcmperature-versus time curve
crosscs the correct variation of temperature linked to
the reaction (figure 4). The calorimeter is treated as an
isoperibolic one. The estimation of the accuracy gives
about * 12 % for an cnthalpy of mixing mcasurcd at
3000 K. Figure S illustrates the results obtained with
liquid molybdenum silicon alloys at 3000 K (17). We
would like to emphasisc that such a procedure avoid
any problem of reaction with the crucible (levitation)
which induces drastic difficultics in very high
temperature catorimeters. Nevertheless the loss of
product by vaporization can bc a source of
difficultics.
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Fig 3-The radiation calorimeter designed by Arpaci and Frohberg
(17) with his "levitation crucible”.
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Fig 4-Determination of the time t* where the loss of heath by
radiation is compensed by the electrical heating.
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Fig 5- Integral molar heat of mixing of the system molybdenum-silicon measured , near 3000K, by Frohberg and Arpaci (17).

3 - 2 Direct reaction calorimetry for
solid and liquid phases

3 -2 -1 Liquid Phases

At lowzr temperatures, liquid alloys can be
synthetised directly by dropping small pieces of a pure
component in a molten bath, contained in the
calorimetric cell, starting either with a pure solvent or
with an prealloyed liquid with a well-known
composition. We would like to illustrate this technique
by an exemple of Franco-Austrian cooperation
between the groups of Prof. Bros in Marseille and

Prof. Komareck in Vienna. The device is based on a
Setaram high-temperature fluxmeter, highly modified
(18). Figures 6 and 7 show the partial and integral
enthalpies of mixing obtained by Hayer et al (19) for
gold-aluminum liquid alloys at various temperatures.
We would like to underline the high quality of these
measurements.

Predel's group at the MPI of Stuttgart has
devoted a lot of studies to the liquid metallic state and
built particular calorimete.s for the determination of
liquid mixing enthalpies. With a well stirred liquid
bath il is not necessary to have a full heat-flux
recording like in a Calvet type calorimeter.
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Only a few thermocouples are enough to get a
representative knowledge of the heat exchange
between the cell and the isothermal block of the
calorimeter. Figure 8 shows the principle of the
calorimeter as described in a recent review by
Sommer (20). The sensor is built in at the bottom of
the cell between the crucible and the isothermal block.
A stirrer can be pulled to the upper part, when
introducing an amount of liquid. The sample is first
stored and melted in a particular crucible situated at
the top of the cell, maintained at the cell temperature
and closed by a stopper. In the initial device the sensor
was made from chromel-alumel thermocouples which
limited the temperature of use to 1300 K. More
recently Liick and Predel (21) built a new version of
this calorimeter (figure 9), efficient up to 1900 K. In
this new version, only two thermocouples, one placed
at the heart of the bath, the second in the block,
deliver the thermal signal. Liick, Arpshofen, Predel
and Smith (22) have compared the results obtained
with this calorimeter or with a SETARAM high
temperature fluxmeter in the vicinity of 1800 K. For
the liquid (Ni, Ti) alloys they got thc same results
(figure 10) in the scale of the experimental uncertainty
which is of the order of 3 %.
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Fig 10- Comparison of the mixing enthalpies of liquid (Ni, Ti)
alloys, measured with the vacuum calorimeter or with the
SETARAM device, after Liick et al.(22).

A similar technique with a similar device is also
used by Dr Castanct in Marseille and also in our own
laboratory in Nancy. In Castanet's work we chose, as
an exemple, the (In, Te) liquid system, where the
variation of the enthalpy of mixing within the
temperature range is quite evident (23). Figure 11
illustrates the excess Cp detected in the liquid indium-
tellurium alloys between 987 K and 1344 K. This
phenomenum is linked to the short-range order which
disappears at high temperaturc. With a similar
procedure we have also detected in Nancy an
important excess Cp in the nickel-rich part of nickel-
hafnium liquid alloys. The discrepancy between the
enthalpies of mixing in this system at 1633 and 1743
K, measured by Selhaoui and Gachon (24) is very
important (figure 12) and corresponds to an excess
mean value of about 80 J/mole K, at xpf=0,15.
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Fig 11- The Indium-Tellurium liquid alloys exhibit very important
excess Cp near 1000K. (After Castanet (23))

3 - 2 - 2 Solid phases. This last
particular study is also a good introduction to the
technique used for measuring the enthalpy of
formation of stoichiometric compounds by
precipitation in the liquid. The congruent melting point
of the Hf2Ni7 compound was measured at 1705 K by
ATD (24). For this reason the enthalpy curves
obtained at 1633 and 1743 K look very different from
each other (figure 13). At 1633 K it is clear that the
two rectilinear enthalpies of mixing (versus xHf),
obtained on both sides of the compound, cross each
other at the x = 0,22 concentration. This can be used
to measure the stoichiometry of the compound.

We found very impressive the small
scattering of the experimental points, at such
a high temperature. The mecan deviation is only
of the order of about * 200 J/mole.
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Fig 12- The Hafnium-Nickel liquid alloys exhibit also very high values of excess Cp, near 1700 K. Under the congruent melting point, it is
possible to measure directly the stoichiometry and the enthalpy of formation of the Hf2 Ni7 compound.(After Sethaoui and Gachon (24)).

On the contrary, the accuracy of the calorimeter itself
is much lower. Figure 13 exhibits the deviation of the
results obtained at 1743 K, when calibrating the
calorimeter with pure nickel samples taken at room
temperature (24). The standard deviation is about § %
of the measured value. Nevertheless, in such cases, the
results we got for the enthalpy of mixing is highly
reproducible. This fact is due to the " compensation
effect” between the endothermic heat effect of the
pure nickel at room temperature when falling into
the cell and the exothermic effect of the reaction. As
an exemple, at 1633 K, for xgf = 0,20 we had to
measure less than 180 J for a result of 1,3 kJ. This
compensation effect is obtained with any highly
exothermic reaction. Thesc is one of the most
important advantage of the "direct reaction
calorimetry”.
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Fig 13- The calibration of the calorimeter : the mean deviation is
about 5%.( Selhaoui and Gachon (24)).
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MASS OF NICKEL Figure 14 illustrates the compensation effect obtained

by synthetising a Pd2Zr compound. In the first step
(from A to B) the endothermic cooling of the crucible
by the cold sample is apparent. From B to D the
exothermic reaction is active, crossing the base line in
C. Within a few minutes the total reaction is achieved.




The same technique of precipitation in the liquid
was used in our laboratory to measure the enthalpy of
formation of the GaM¢3 compound. In this particular
case, the two "partners” cxhibit the most important
discrepancy between their melting temperatures :
303 K for Gallium and 2890 K for Molybdenum,
High temperature calorimetry near 1500 K allows us
1o precipitate the compound when dropping small
pellets of compressed pure molybdenum pow * ¢ into
the liquid bath. Figure 15 shows the result obtained by
Belgacem-Bouzida at 1523 K (25) by this technique. In
the two-phase domain, the partial enthalpics of mixing
h¢a and hme remain constant (fig. 15), and the integral
cnthalpy of formation of the compound Mo3Ga is
obtained by the Euler equation :

hf (Mog.75 Gag.25) = 0.75 hmo + 0.25 hGa

But it is also quite possible to measure directly
the integral enthalpy of the Mo3 Ga compound by
dropping into the cell of the calorimeter a mixture of
powders of the two components, weighed and pressed
in the right proportions. The results we got (25) by the
two techniques arc compatible and the precision on the
mcan value is about 5 % :

Precipitation in the liquid (fig. 15)
hl (Gag.25 Mog.75, 1573 K) = - 19725 + 1000 J/mol

Direct integral reaction (2 runs)
hf (Gap.25 Mo .75, 1423 K) = - 18600 + 1300 J/mol
Dircct integral reaction (3 runs)

hf(Gag.25M00.75, 1523 K) = - 17900 + 1000 J/mol

Reference states for the experiments were solide
molybdenum and liquid gallium.

Direct reaction calorimetry is also suitable for
various synthesis reactions involving a metal
component alloyed with a non metal. Berkane and
Gachon used this method in our laboratory 0 measure
dircctly the enthalpies of formation of chromium
carbides (26). Table Il compares their results with the
combustion-calorimetry of carbides, taken in litcrature
(27, 28, 29, 30). It is evident that, (in spite in of the
fact that direct reaction calorimetry remains
inaccurate), in this case, the precision of this method is
five times better than that of the combustion
calorimetry.

Another advantage of integral synthesis is to
follow the variation of stoichiometry of a carbide.
Figure 16, as an example, illustrates the variation of
the enthalpy of formation of the Til-x Cx phase versus
x (0.32 € x < 0.50), measured by Berkanc in our
laboratory by direct reaction above 1500°C (31). In
these experiments the reaction is not very quick and
this is the reason of the relatively important scattering
of the results, in particular near the x < 0.50
border. It is interesting to observe that the
extremum of the c¢nthalpy does probably not
correspond 1o the stoichiometric compound TiC.
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Fig 15- Precipitation of the Mo3Ga compound in the liquid-solid
mixture. By Belgacem-Bouzida, Notin and Hertz (25).
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Fig 16- Direct reaction calorimetry between Ti and C, to explore
the whole range of non-stoichiometry of the Bl carbide. By
Berkane, Gachon and Hertz.(31) The experimental scattering is
linked to the long delay needed to obtain the complete reaction.
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Table III enthalpies of formation of (Cr, C) compounds
Direct reaction calorimetry at 1723 K and comparison with combustion calorimetry
. units : J/mole
hf (1723 K) MAH MAH revised * MAH revised DAWSON
(26) 27) by JANAF by KULKARNI and SALE
(28) and WORREL 30)
(29)
1/29 Cr23C6 |- 9400 + 1000 | - 13700 - 11300 - 9350 - 10200
1/10 Cr7C3 |- 10700 + 1800] - 18100 - 16100 - - 14300 - 14900
1/5Cr3C2 |- 10000 + 600 | - 18800 - 17100 - 15600 - 16200

* Comments : The results obtained by combustion calorimetry are strongly dependent of the value adopted for
the enthalpy of formation of the oxide Cr203.
MAH (27) used W (Cr203) = - 276,6 k callmole, but this value has been revised by JANAF (28) and by
KULKARNI (29).

In any case the uncertainty on this reference enthalpy is about + 8 kJ for two moles of chromium, inducing
in the final result an uncertainty of £ 5500 J for the enthalpy of formation.of the carbide

Table IV : Adaptation of the Dench and Kubaschewski procedure

T2 (Fc) + (Mn) — hm (T2) —  (Fe, Mn) - 0 — (Fe, Mn)
ha T Kubitz Thy Dench Th3
and Hayes
Ty (Fe) + (Mn) - 0 - (Fc) + (Mn) - h™M (T1) — (Fe, Mn)

enthalpy of formation of the solid phase, in the middle
part of the diagram, is about - 3000 J/mole while the
magnitude of the heat content between 300 and 1400 K

Thirty five years before, Kubaschewski and
Dench (32,33) proposed another method to obtain the

alloying enthalpy of mixing (at room tempcrature)
using an adiabatic device. The operating method
consisted to usc the calorimeter as a DSC system
heating a mixture of the components from
room temperaturc up to high tcmperature where the
rcaction took place, the total hcat cffect being
integrated. During a second run, only the heat content
of the alloy was characterised. By subtracting the total
heat effect of the second run from the first one, they
obtained the heat of mixing at room temperature.

The Dench and Kubaschewski calorimetric
procedure has been more recently adapted by
Kubaschewski and Grundmann (34), and also by
Kubitz an Hayes (35) to obtain the enthalpy of mixing
at high temperature, instcad of room temperature.
Table IV give the principle of this modification.

During the sccond heating, the heat contents of
the purc componcnts, taken in the same quantity, is
measured without mixing to obtain hiM (T2) :

hM (Tz) =hy -hy 13)
While the Dench's initial procedure gave h™ (T1) :
hM (Ty) =h1 -h3 (14)
The results obtained by Kubitz and Hayes (35)

for the enthalpies of mixing of the (Fe, Mn) solid f.c.c.
solution at 1443 K arc presented in figure 17. The

is of order of 25000 J : this is the reason why the
results appear relatively scattered. The total measured
quantity is about seven times greater than the required
mixing enthalpy.

mol fractionMn
Fe 01 02 03 04 05 06 07 08 09 Mn
T T T 1

T 7 T T

-10001 n

At/ Jmol!

4
\

- 3000

Fig 17- Enthalpics of mixing of the (Fe, Mn) v alloys at 1443 K
After Kubitz and Hayes (35)




A variant of Kubaschewski's and Dench's
mecthod has been developped simultaneously by two
groups of the university of Genova respectively led by
Professors landelli and Ferro. The idea is to use a
fluxmetric calorimeter at increasing temperature, (o
start between the components a reaction which gives a
very important heat during the reaction. This
exothermal effect is sufficient to achieve the complete
reaction, after starting, without any other external
heating. Starting temperatures are in the vicinity of
600 K. The first description of such a procedure was
given by Palenzona in 1973 (36).

Fig 18- The calorimeter designed by Capelli, Ferro and Borsese
for the determination of the enthalpies of formation of solid phases
with strong exothermal effect.

11

Capelli, Ferro and Borsese built, in 1974, a
fluxmetric calorimeter containing 4 cells in the same
isothermal block (37) (fig. 18). A mixture of the
components is heated by an clectrical wire up to the
start of the alloying reaction. The total heat effect,
corresponding to the electrical heating (known encrgy)
and to the chemical reaction, is determined by an
isoperibolic procedure. Both methods were widely
applied by the two groups for measurements of heats
of formation of intermetallic compounds having a high
congrueni melung temperature and a h.aghly negative
enthalpy of formation. In particular, alloys of Ca, Ba,
Sr and especially intermetallic compounds with rare-
carth components were studied. As an illustration of
the results obtained in Genova, we chose to present on
figure 19 a comparison between Miedema's model
predictions and experimental measurements obtained
by Borsese, Borzone and Ferro (38) and by Palenzona
and Cirafici (39) for various rare-carth compounds. It
is important to underline that the methods used in

Genova do not need very high temperaturc
calorimeters.
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Fig 20- Correspondance between the high melting points of the
compounds in the (Dy, Sb) system, (after Mironov et al (40))
and the enthalpies of formation measured by Ferro et al (41).
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Fig 19- Comparison between Miedema's predictions and experimental enthalpies of formation of rare-earth compounds, measured by
Borsese,Borsone and Ferro (38),and by Palenzona and Cirafici (39).

The two groups in Genova are still working on L S S B e T v
systematic studies of properties of binary and ternary 20 |
compounds obtained by reaction of a rare earth with R R.Sb
low melting temperature components : Bi, In, Sn, Sb, :

Zn. Due to their highly negative entalpies of

formation, these compounds exhibit a series of very

high congruent melting temperatures. As a exemple the M/‘“"J R, Sb,

vapor constrained diagram of Dysprosium antimonides -30 L

is presented on figure 20, according to the work of
Mironov, Abdusalyamova and Burnashev (40). It will
be noticed that such diagrams can only be obtained in
sealed crucibles, considering the high equilibrium

pressure of antimonium. The shape of the liquidus line
in the Dysprosium rich part has to be reconsidered for * R Sh
its thermodynamic consistency. Nevertheless the
general trend of the diagram is correct and
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corresponds to the enthalpies of formation measured <3

by Ferro, Borzone and Cacciamari (41) (fig.20). The S-S N R s
enthalpies of formation of the rare earth antimonides 2
are summarised on figure 21 after Ferro (42). The IR S

enthalpies of formation of the equiatomic compounds — i — .
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of the serie are about -120 kJ/mole of atoms..

Fig 21- Enthalpies of formation of rare-earth antimonides after
Ferro (42).




3 - 3 Indirect mixing calorimetry in a
solvent

3 - 3 -1 Principle of the method

Many laboratories used indirect calorimetry to
obtain the mixing enthalpy of solid solutions and
compounds. The principle is explained in the following

scheme :
| T x(A) + y(B) - AxBy hm(Ty)
dissolwions:  h1d had had

T3 (final mixed state in a solvent)

hm (T1) = (ht + h2) - h3 (15)

It consists to obtain the same final mixed state.
Starting from the pure components , taken in the right
proportions, we get (h; + h2) and starting from the
presynthetized solid phase we measure (h3).

3 - 3 - 1- The superiority of this
method is evident in the followings cases

a) The compound is unstable at high temperature
and disappears by peritectic or peritectoid
decomposition,

b) The time needed to achicve the synthesis of
the solid phase is too long (for instance, one week, one
month ...) and becomes incompatible with direct
reaction calorimetry,

¢) The quick direct synthesis reaction cannot be
achieved in actual calorimetric devices for various
reasons : reaction with the crucible, too high
temperature needed ...

d) The compound is obtained in particular
conditions (like high pressure synthesis) which cannot
be realised in calorimetric devices.
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3 -3 -2 - The choice of the solvent

In the past, many laboratories had chosen an
acid aqueous solvent which could be used in room
temperature calorimeters. Generaly speaking, in this
case, the enthalpies of mixing in the solvent are much
too high to allow an accurate measurement.
Considering equation (15) the formation enthalpy of
the compound is obtained by subtracting two terms one
to the other : if the result hM (T1) is too small by
comparison with the measured mixing enthalpies, the
result becomes very inaccurate. It is often the case with
acid calorimetry where the mixing enthalpies are ten
times higher than the result. Many laberatories use
now metallic bathes, but there cxist two variants of the
method.

a) The liquid metallic bath is used at quasi-
infinite dilution : in this particular case, several runs
can be realised one after the other with the same bath,
depending on the volume of the crucible. This
technique is the most-common method and many
laboratories are familiar with it.

b) The final mixed state is a concentrated liquid
alloy with a well-know composition. In this case,
any individual run is realised with a mixture of the
pure components and the solvent metal, or with a
mixture of the compound and the solvent metal, which
provides, in the final state, the right composition of the
liquid phase. This technique is the original method of
Topor and Kleppa, which has been extensively applied
to measurements of the enthalpies of formation of
refractory borides, silicides and more recently to
intermetallic compounds. The solvent metal used is
often germanium. Topor and Kleppa have given in a
recent synthesis an extensive list of the systems that
they have studied by their original technique (43)

As a solvent they use a mixture made of
platinum and germanium, or of palladium and
germanium, or of copper and germanium, or also of
copper and silicium, providing in any case a relatively
low melting point for the alloy.

Table V

Comparison between the enthalpies of formation of some equiatomic transition intermetallic compounds measured
by mixing calorimetry at 1473 by TOPOR and KLEPPA (43) or measured by direct reaction calorimetry by
GACHON (44), by SELHAQUI (24), and by JORDA et al (45).

Compound enthalpy of forrnation at room enthalpy of formation near 1500K
temperature by mixing calorimetry™ by direct reaction calorimetry
kJ/(mol) kJ/(mol)
43)
PdTi - 103,21+ 12,7 -1060t 6 (44)
PdZr -1226+ 7,0 - 1240110 (44)
PdHf -1348+ 78 -1312t 5 (24)
RhZr - 759t 35 - 758 S (45)
CoHf - 949t 6,1 -1020 3 (24)
NiHf -118,5t 4,9 - 958+ 4 (24)
PtTi -15931 129 -1542+ 6 (24)
PZr -1919+ 124 - 180,0 £ 20 (44)
PtHf -2273+ 13,2 -2260t 12 (24)
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3 -3 -4 - Some illustrations of
mixing calorimetry

Recently, Topor and Kleppa (43) in Chicago by
mixing calorimetry, and Selhaoui (24), Gachon (44)
and Jorda et al (45) by direct reaction in Nancy have
studied the same systems by the different techniques.
The enthalpies of formation of many intermetallic
(A, B) transition compounds, with A taken in the
(Ti, Zr, Hf) family and B in the triade group, have
been established. The published results obtained for the
cquiatomic  phases allow us to make some
comparisons : (table V)

1) Gencraly speaking the two types of results
ar¢ compatible

i1) In many cases the estimation of the mcan
deviation is bigger for the mixing calorimetry : this is
quitec understandable if we compare the effective
published data to the real measured enthalpies, using
mixing calorimetry. As an example Topor and Kieppa
(46) used the liquid quaternary mixture Cog.05 Hfo.05
Ptp.2 Geo,.7 to measure the enthalpy of formation of the
CoHf compound. In a scries of 2 x 5 runs they got

Ahf (CoHf) = (617.2 £2.2) - (716.4 +7.3)
=99.2 + 7.6 kJ/mol

iii) Mixing calorimetry gives the enthalpy of
formation of thc compound at the room
temperature state, while direct reaction calorimetry
at high temperature state.

Nevertheless indirect mixing calorimetry
remains the only method when the phase under
scrutiny disappears at high temperature. As an example
in the molybdenum-gallium system there exist two
line-compounds : GaMo3 which decomposes near 2100
K and GaMos which decomposes at 1115 K (figure
22). We have seen before that it has been possible (25)
to synthetise the GaMo3 compound directly in the cell
of the calorimeter and also to obtain the precipitation
of this compound in the cell, by adding pure
molybdenum to a saturated liquid gallium-
molybdenum mixture. On the contrary the
determination of the enthalpy of formation of the
sccond compound required indirect mixing
calorimetry. Belgacem-Bouzida (25) synthetised the
MoGas compoud by powder metallurgy at low
temperature (680°C, one month annealing). It was
possible to dissolve this compound, at 1573 K and
infinitite dilution, in a pure gallium bath to
measure indirectly :
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Fig 22- The calculated phase diagram of the (Mo, Ga) system.

An aluminium bath is often chosen to dissolve
alloys exhibiting a high oxygen affinity. The dissolution
of the first sample is sufficient to avoid any further
oxygen trace in the melt. It is a well know fact for the
practicians tha. the first experiment in mixing
calorimetry is generally not reliable in contrast of the
following runs. Colinet, Pasturel, Percheron-Guégan
and Achard (47) have studied the correlation
existing between the enthalpies of formation of the
La(Ni(1-x)Cox )5 phase and the affinity ot this phase
for hydrogen. A pure molten aluminium bath was
used. Figure 23 shows the enthalpies of mixing they
got, four time greater than the formation enthalpies of
the compounds (same figure). On the other hand they
studied the Gibbs enthalpy of hydrogenation-
deshydrogenation of the compounds by measuring the
pressure equilibrium platcau versus temperature.
Figure 24 shows the results obtained. The conclusion
was that thec more stable the "LaNis" type compound
was, the less stable they found the hydride.
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Fig 23- Composition dependence of : (a) the heat of dissolution in Aluminum, at infinite dilution, and (b) the enthalpics of formation of the
La(Niy.x Coy)s phase : after Colinet, Pasturel, Percheron-Guégan and Achard (47).
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more stable the solid solution, (see figure 23), the less stable the hydride. After Colinet, Pasturel, Percheron -Guégan and Achard (47).

4 - Measuring the Gibbs potentials
4 - 1 Vapor pressure measurements

One of the classical technique is the Knudsen
effusion-torsion method that many laboratories
have practised. Fig. 25 represents the apparatus of
Hayes and Mc Hugh (48), with which these authors
measured the manganese Gibbs potential in various
(Fe, Co, Mn) ternary solid alloys. The well known
principle is to create a mechanical couple by effusing
vapor between two holes bored in the crucible. A thin
tungsten torsion wire equilibrates the couple which is
measured optically with help of a mirror. In the past
time we used the same technique in Nancy. The most
important objection to this method is that the
instrument deviation is roughly proportional
to the activity of the volatile component in the
crucible whereas the Gibbs potential is measured
in the logarithmic scale of this activity. As a
consequence it is not possible to explore a wide range
of chemical potentials by such a technique .

Figure 26 shows the results got by Hayes and Mc
Hugh for the binary (Fe, Mn) system at 1350 K. It is
clear, on this figure, that the wide domain they
explored does not exceed two powers of ten in the
manganese activity scale. Activities at 1350 K are
represented on the figure 27 by open circles. If we
want to obtain the excess entropy of the y (Fe, Mn)
alloys we can observe that 1350 K is very close to the
B — v equilibrium temperature of the pure manganese
(1360 K). For this reason the reference state for
manganese activities does not vary sensitively when
changing B to v, Mn* reference state. The ideality line
is near the diagonal drawn inside the square (fig 27). It
appears that the thermodynamic behavior of these
alloys seems quasi-ideal at 1350 K. That mcans :

ge=hm-Tse=0
Comparing this result with the enthalpies of mixing
measured by Kubitz and Hayes (35) we deduce that the
excess entropy of mixing is negative with roughly the
sar:le shape as the enthalpy curve (fig 17) in the scale

(T’J‘Sﬁ) and a maximum of about (-2,2) J/mol K.
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Fig 25- The tonsion-effusion apparatus of Hayes and Mc Hugh
(48).
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The isopiestic method developed by Komarek
and his group in Vienna (49) scams to mc¢ a more
efficicnt way to cxplore a wide range of chemical
potentials. It consists to impose the vapor pressure of
the most volatile component of the system inside a
vessel introduced in a temperature-gradient furnace.
The pure volatile component is placed at the lowest
temperature while the alloys arc slowly elaborated in
their equilibrium states, at various temperatures, by
gas transfer of the volatile component to the different
samples. The time nceded (o obtain the equilibrium can
be very long, up to 3 months. At the end of each
experiment, cach sample is chemically analysed by
measuring its gain of weight. As an cxample involving
also manganesc as the volatilc component we present
on figures 28 and 29 results obtained by Krachler,
Ipser and Komareck (50-51) with the non-
stoichiometric B Pt Mn and ' Pd Mn B2 ordered
phases. It can be observed that the domain which was
explored covers a range of about six powers of ten in
the manganese activity scale, corresponding to its
variations, border to border, in the non-stoichiometric
domain of thesc compounds.
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Fig 28- Manganese activity in the B Pt Mn phase at 1273 K.

Comparison with a theoretical model, (solid line).by
Krachler, Ipser and Komarck (51).
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An original Knudsen type method was proposed
by Hchenkamp in Gottingen. It consists to trap the
cffused vapor on frozen targets (waler cooled discs)
placed in front of the Knudsen-uell orifice and to
analyse by clectron microprobe the thin films obtaincd.
Fig 30 shows the apparatus (52). The concentration
profiles measured on the discs are in very good
agrecement with the theoretical Clausing's distribution
law versus angular deviation in thc spacc, as
demonstratcd by Hchenkamp and Liidecke (53). Fig 31
shows an experimental curve which corresponds to the
theoretical Clausing's profile.
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Fig 30- The cffusion apparatus for vapor pressure measurements,
by Hehenkamp (52).
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profile corresponds to the theoretical Clausing's spatial distribution
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By this technique and by diffusion measurements too,
the group of Géttingen has studicd the thermodynamic
behavior of varicus a c.f.c. dilute solutions. The
solvent is either Cu, Ni or Ag and the solute elements
arc choscn with various valences (Cd or Zn = 2), (In =
3). (Sn = 4), (Sb or As = 5). In any case it appears that
the Raoult-Henry law is unsatisfied for very dilute
solutions (typically x solute < 5 at %). The Raoult law
can be cxpressed with the Darken function a of the
solvent by

pi€ = o) RT %> with a1 = constant ~ (16)

The Lupis stability function ¢ (54) can be
defincd in isothermal, 1sobaric conditions by :

Pz — =g =1-20,xx, (17)

If Raoult's law is correct, an attractive negative
a1 interaction does correspond to a positive slope
associated with a ncgative curvature for the ¢ (x72)
curve. On the contrary, Hchenkamp and Liideh : (53)
observe in a silver dilute alloys a positive curvature
associated with negative ay cocfficients. The results
obuained with various solutes can be ploted on a single

: . . c Y.
curve when using ciCLuonie concentration | — J instead
a

of the mole [raction of the solute (fig 32) The same
behaviour appears in the Ni-Sn dilute alloys (fig >y
The Gibbs-Duhem integration of equation (16) gives
the excess Gibbs potential of the solute (Henry's law) :

¢ 2
W, = o RT x{ +constant (19)
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with a negative a1, a positive slope and a negative
curvature are expected, from equation 19, for the
He2(x2) curve. The contrary is observed in the dilute
(Cu, Sb) solutions, (fig 34), with a prononced
minimum at low concentration, attributed by
Hehenkamp (52) to the high difference in metallic
radius.

4 - 2 The EM.F. method and
necessity of the "crossed" strategies.

the

The most usefull method to detcrmine a Gibbs
potential in alloys is the E.M.F technique. The reason
why this technique is a so efficient one 1s linked to the
Nernst law :

Al

E=— 20
F (20)

where Ap; is the difference of the Gibbs potential
between the two electrodes for the species carrying the
charge and nF the transferred charge. The measured
quantity is directly proportional to the Gibbs potential
and activities are obtained in the logarithmic scale,
which offers the possibility of a wide range
exploration.

Two types of cells, differing by clectrolytes, are
generally used for alloys :

- molicn salt mixtures,
- solid state electrolytes.

Above 1000°C solid clectrolytes are needed.
With solid electrolytes the experimental limitations
arise from two opposite constraints :

i) at too low temperatures the ionic conductivity
is to small to allow any correct measurement (100 high
impedance of the cell)

ii)- at too high tempecratures the electronic
conductivity increases, especially when highly reducing
equilibria are needed.

It is not the place, here, to develop into details
the E.M.F. technique. Several papers have been
presented in 1987 at the NATO-ASI
"Thermochemistry of Alloys" in Kiel. In particular we
recommend Schaller's review (55) devoted to solid-
state galvanic cclls and the publication of Egan (56)
concerning the coulometric titration with a CaFz
original cell. The most used solid electrolyte is CaF;
which exhibits an important ionic transference number
from very low to very high oxygen activity.

We would like to illustrate on an example the
importance of the "crossed strategies” when using
Gibbs potential measurements. Recently Du Sichen,
Seetharaman an Staffansson (57) measured in
Stockholm chromium activities in three mixtures of the
(Cr, C) binary system :

) CrCy/C  b)Cr7C3/Cr3Ca  ¢)Cr23 Ce/Cry C3




Three CaF? cells were used :
(-)Cr, CrF2, CaF2 | CaFp| CaF2, CrF7, (mixed carbides)(+)

The E.M.F delivered by the cells between 1000
and 1200 K could be fitted by the following three
equations :

E (@)/fraV=72,9+0,0589 T
E (b)/mV = 18,5+ 0,0677 T
E (c)/mV =38,3-0,01976 T

Figure (35) summarises these equations, for
which a rough estimation of the mean deviation is
about 3 mV.

The Stockholm group did not use the direct
enthalpy measurements we have got (26,31) for his
determinations of the hfand sf quantities of the
carbides. We should like to demonstrate here that the
slope derivation method can induce systematic errors
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that can be avoided by various crossed strategies. The
Gibbs function for the threc carbides are given in these
experiments by

ffl 3 e
8 (;CrngJ:s—ﬂ'h(l)

[T 1 )l( £ )‘
—CryC3 |=g' | =Cr3Cy |+ —| 2P E) - g' | =CrsC
‘(10 703) 8(5 3C [+ 5\ T E® -8 | < 3¢ )

‘(l CryaC )— ‘(’ CmC )+(23 7](55 f(l CroC3 |
B |39 C23% |78 (5“3 Misg 10 (C)'lﬁf‘lajl

The calorimetric results we gof in Nancy (31) have
been "crossed” with a CALPHAD optimisation of the
phase diagram (26 et 31). It is also possible to "cross”
the Gibbs potential measurements with the calorimetric
measurcments. Table VI shows that the "slope” method
can induce heavy systematic errors in the results,
which can be avoided by the mixed strategies. On the
other hand the two crossed strategies give quite
compatible results.

Table VI

Two

"crossed"”

strategies for the determination
of the enthalpies and entropies of formation of chromium carbides

EM.F. after (57) hf (J/mol) (26, 31) sf (J/mol K)

1/5 Cr3 C2 gf (1100 K) = Calorimetry measurements (21) crossing the results
- 15945 + 350 - 9955 + 600 + 544+ 1
Calphad strategy
without E.M.F(26) - 10100 + 6,43
Slope method alone
by EM.F (57) - 8400 + 450 + 6,82 + 0,40

1/10 Cr7 C3 E.M.F after (57) Calorimetry measurements crossing the results
gf 1100 K) = (26,31)
- 16145 + 450 - 10700 + 1800 + 495 + 2
Calphad strategy
without E.MLF (26) - 10791 - 6,48
Slope method alone - 7230+ 430 8,38+04
by EIM.F (57)

1729 Cr23 Ce E.M.F after (57) Calorimetry measurements crossing the results
gf (1100 k) =
14939 + 550 - 9400 + 1100 50 £ 1,5
Calphad strategy
without EMF (26) - 9250 3,79
Slope method
alone by EXM.F. (57) - 7276 + 340 4,60 + 0,33
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Fig 35- The emf-temperature relationships for celis (a), (b), (c)
by Du Sichen, Seetharaman and Staffansson (57).

Conclusion

In this lecture we have tried to explain that the
determination of the thermodynamic quantities of
mixing is a strategic game. This is true for all systems,
organic and inorganic one¢s. But more attention have to
be given to the "crossed” strategies like CALPHAD
method or EMF associated with calorimetric
measurements, when looking at high temperature
domains, (alloys, ceramics). At high temperatures the
influence of the entropy of mixing in the Gibbs
function becomes very important and for this rcason
scientists have to be carcfull with this quantity often
badly known.
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APPLICATION OF SOLUTION MODELS
TO DIFFUSIVITY STUDIES IN MULTICOMPONENT ALLOYS

J.E. Morral and Yoon-Ho Son
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University of Connecticut, U-136, Room 111,
97 North Eagleville Road, Storrs, CT 06269-3136, USA

Abstract.-

The "diffusivity” of an n-component alloy is a property matrix, containing (n-1)2
diffusion coefficients, that can be measured by analyzing diffusion couples. The present yvork
is concerned with selecting diffusion couples which will minimize errors that are associated
with a variation of the diffusivity with composition. It is proposed that couples be made from
alloys with the same determinant of the diffusivity. With this criterion, it is shown thgt in
“ideal solutions” variations in the free energy are not important, while in “regular solutions
the free energy may either increase or decrease the variation depending on the regular

solution parameters.

- In 1on

Recent developments in diffusion theory and in
computer modeling of diffusional reactions have made
it possible to make quantitative predictions about
complex alloys. These developments have created a
need for multicomponent diffusion data.

Although diffusion couples can be used for
measuring diffusivities in higher order alloys, the
analyses require that the diffusivity be approximately
constant in the diffusion zone of the couple. Therefore,
both the alloys used in the couple and the change in
diffusivity with composition are important.

Each element of the diffusivity matrix is a
function of kinetic and thermodynamic properties.
These can be approximated with tracer diffusivities
and thermodynamic data measured for binary alloys.
The present paper is concerned with using this
information to design diffusion couples which will give
the most accurate diffusivity measurements.

2.- Background

When measuring diffusivities with diffusion
couples, the initial concentration differences between
alloys in the couple are a primary experimental
variable. This variable can be expressed as a
“composition vector” (Thompson and Morral, 1986) for
an n-component system as:

AC'=[ac)aC)..ac)] 1
in which the components of the vector are initial
concentration differences between the alloys on the left

and right side of the couple:

A=} 2

When using an analysis that assumes "constant
diffusivity” both the length and the orientation of the
vector must be considered.

It is apparent that the length of the vector must be
as small as possible in order to reduce the range of the
diffusivity in the diffusion zone. However for ternary
and higher order systems the vector orientation will
affect the range of the diffusivities as well. In principle
there are favorable orientations that minimize errors.
The problem is to predict the most favorable
orientations.

It is well known (e.g. Kirkaldy and Young, 1987a)
that for an n-component system the diffusivity is an (n-
1)x(n-1) matrix, [D]. This complicates the problem
because each element of the matrix is expected to vary
with composition in a different way, as observed for
example by Vignes and Sabatier (1969) and by Nesbitt
and Heckel (1988). Therefore, it is unlikely that one
orientation for the composition vector can eliminate
variations in all elements of the diffusivity matrix.

3.- The constant {D| approach

In order to simplify the problem, it will be
assumed that maintaining the determinant of [D]
constant (1D | = constant) will limit errors due to
variations in [D]. One reason for choosing ID! over
other properties is that it is equal to the product of the
eigenvalues of [D]. The eigenvalues are functions of all
elements of [D] and are rate constants for the process
(Gupta and Cooper, 1971). Another reason for
considering ID | is that it allows kinetic and
thermodynamic effects to be considered separately. The
basis for the separation is the identity (Kirkaldy, 1958):

[D]=[L][G] @
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in which [L] is a matrix of phenomenological
coefficients, associated with a laboratory frame of

reference, and [G] is a matrix of second derivatives of
the molar free energy with respect to mole fractions:

%G
G =
’ (9 NINJ)M # N o)

The determinant of [D] is:

[D[=[L[{G]| (5)
As will be seen later, the determinants of (L] and {G]
are simplified by multiplying and dividing by the
determinant of [G] for a system with "ideal” free
energy:
_ (RTP!
IGMI_ n
I~
=1 6)

The new determinants are |L'l and |G’ as defined
by:

L |=|L|| GY| )

and

|G|
| G4 ®)

1 G'|=

Equation (8) for IG'1 is similar to a function which has
been used to test alloy solution stability (Lupis, 1983).

Now the orientation of AC° which keeps D!
constant will be calculated. The maximum variation of
ID| with composition occurs for the direction given by
the gradient of IDI:

viD|_VIL| V|G|
ID| L 1 G| 9)

in which the del operator is defined by:
n-1

. 9
\v/ 9
2 '(8 Nu)n. + Na (10)

i=1

and i is a unit vector along the i-th concentration axes.
It follows that 1D is constant when the "composition
vector” is in a direction perpendicular to 1D, i.e
when:

ViD]-AC'=0 $3))]

Diffusion couples can be made in directions of
constant |D| except in binary systems. For example in
a ternary system |D1 is constant along a line in the
two dimensional composition space. From one
diffusion couple prepared along this line, all four Dj;
constants can be obtained with an analysis (Thompson
and Morral, 1986) that combines two different equations
for the "square root diffusivity”. One equation is a
modified form of an equation used in the "Krishstal,
Mokrov, Akimov and Zakbarov" analysis (1973).

For a quaternary system |DI is constant along a
surface in the three dimensional composition space. In
this case two diffusion couples must be used, but both
composition vectors can be oriented in the surface of
constant |D1|. Regardless of the number of components
it is possible to prepare all required diffusion couples
with composition vectors that are perpendicular to

IDI. However, IDI is not known before experiments
have been performed, therefore it must be estimated
from existing data.

2.1.- A model for 1L'|

Several assumptions are made in order to
estimate |DI{. First IL'l will be estimated from
measured "tracer diffusivities”, D;*, by assuming that
the diagonal intrinsic” phenomenological
coefficients, Li;!, are given by (Darken, 1947):

1 _ DN,
L= RT (12)

and the off-diagonal intrinsic coefficients, Ly, are zero.

The phenomenological coefficients, L;;, are related
to the intrinsic coefficients by (Kirkaldy and Young,
1987b):

Lyj = 8yLj, - NjLY; - NiL],

n
+ NN L!
: ’Z’l kk 13)

in which §;; is the Kronecker delta. Combining the
equations (7), (12) and (13) yields the following
expression for |1L'|:

1v1=3 NI o)

=1 el (14)

and for the gradient:

=1 12} (15)




Equations (14) and (15) model both the atomic mobilities
of individual atoms and the composition dependence
introduced by the Kirkendall effect.

The free energy matrix [G'] can be calculated
when appropriate data is available. Otherwise, it can be
modeled. One source of models are phase diagram
prediction programs which can be readily modified to
give 1G'). When necessary ideal and regular solution
models can be employed, as is done in the following.

For ideal solutions | G'l is equal to one, as seen
from equation (8), therefore:

| D] =L (16)

Equations (14) and (16) applied to binaries predict that
IDid| is the line:

| D'¢]= N,D; + DIN; an

which is illustrated in Figure 1. Equation (17) predicts
a constant value for the variation in IDI| with
concentration.

1D2

ternary

* ok

D;D;

D2\
Ng

1 2

Nop ——

-binary

[0

3 ;D;

Figure 1: Plots of |D} versus concentration for "ideal”
binary and ternary systems. Lines of constant IDI| are
drawn for the ternary case.

In all relationships given here the tracer
diffusivities are assumed constant. It is only because of
the Kirkendall effect that there is a concentration
dependence of 1L’Il. If all tracer diffusivities were
equal there would be no Kirkendall effect and then L'l

would be a constant equal to:

L= (o' (18)
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Equation (14) and (16) applied to ternaries predict that
iDI is the plane:

| D] = (N;D3D5 + DiNaD3 + DiDiN3)  (19)

which is illustrated in Figure 1, also. In the ternary
case it is possible to prepare diffusion couples along a
line of constant |D| by satisfying equation (9), which
reduces to the condition:

AC‘,’LD;(DE-Da
ACY) D (D; - D{) (20)

Equation (20) indicates that when one of the tracer
diffusivities is much greater or much less than the
others (e.g. by an order of magnitude or more), it is best
to make diffusion couples along a line where that
component remains constant.

- r Soluti

In the case of regular solutions, | DI is given for
binary solutions by the equation:

I Dres I = (N]D; + D]‘Nz) (1 -2N;Nym;2) 21)

The regular solution parameter, ay;, is defined here by
the "regular solution” heat of mixing via the equation:

eg
mix

@~ NNRT 22)

Equation 21 is the regular solution form of the well
known equation (Darken, 1948):

D = (N:D; + DiN;)

1+a|n71)

oy (23)

Equation 21 is plotted in Figure 2 for the case of a
negative heat of mixing. It can be seen that the effect of
a negative heat of mixing adds to that of a slow moving
species (the right side of the figure) to cause the
greatest variation in 1 DI, while it subtracts from that
of a fast moving species (the left side of the figure). A
positive heat of mixing combines in the opposite way.

In ternary regular solutions |D| is a surface,
which deviates from a flat plane in a way dictated by
the following equations:
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D]

Figure 2: Plot of | D! for a "regular” binary system that
has a negative heat of mixing.

IG'=1-2(NiN2w2 + NoN3w23 + NsNqjw3y)

-NIN;N; A o (24)
in which

A m =0k + 0}, + 0},

-2 (023031 + 12023 + W31W23) (25)

A contour map of the | Dregl surface is given for an
example system (D;* =D9* =D3*, 013=0, w12 =- we3=
1) in Figure 3. It can be seen that diffusion couples
prepared with composition vectors laying along the
contour lines will have different orientations depending
on the average composition of the couple.

(1)12=] “)73—__-]

0)1_]:0

Figure 3: Contour map of | D! versus composition for a
reguiar’ terna., sysiem consisting of binaries with
positive, negative and zero heats of mixing.

4. Conclusions.-

Diffusion couples for measuring the diffusivities
of multicomponent systems with a “constant
diffusivity” analysis can be prepared in a systematic
way. The procedure is to estimate the determinant of
the diffusivity from existing kinetic and
thermodynamic data and then to prepare diffusion
couples from alloys that have the same value of the
determinant. As a general rule this will require having
the same concentration, in all alloys, of especially fast
or slow moving atoms.
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ESTABLISHING PHASE BQUILIBRIA BY MEANS OF
THE TEMPERATURE GRADIENT DIFFUSION TECHNIQUE
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Getreidemarkt 9, A-1060 Vienna, Austria

Abstract

The diffusion couple technique for studying phase reactions in order to

establish phase diagrams was modified by the introduction of a temperature

gradient parallel to the developing diffusion 1layers. By metallographic

preparation and inspection of the diffusion layers phase reactions which

occur within relatively small temperature and composition intervals can be

observed. Results for the Ti-N system,

are presented.

1.- Introduction

The interdiffusion of components during heat
treatments of binary diffusion couples 1is
known to be well suited for studies
concerning phase reactions. It has been
proven by several authors (e.g. Heijwegen &
Rieck, 1974) that the boundary compositions
of the occurring diffusion layers represent
equilibrium values. Due to the spatial
separation of diffusion 1layers of phases
even when their compositional difference is
very samall, this technique appears to have
considerable potential for establishing
phase equilibria even in such binary systems
where several compounds occur. This is
especially true in view of the development
of microanalytical techniques such as EPMA.

The diffusion couple technique has already
been described for systems with refractory
compounds such as TiN. Results on TiN-Ti
published by
Rennhack et al. (1968), McDonald & Wallwork
{1970), Wood & Paasche (1974), Bars et
al. (1977), and later by Wolff et al. (1985)
et al. (1987). The results

obtained by these

interdiffusion have been

and Etchessahar
authors were quite
contradictory, especially with respect to
the decomposition temperature of £-TizN (see
Lengauer & Ettmayer 1987). In an attempt to

resolve these discrepancies using arc-

where this technique was applied,

melting and quenching techniques, two new

high-temperature titarnium nitride ©phases

were found (Lengauer & Ettmayer 1986a,
Lengauer 1986b). These phases are situated
adjacent to the g¢-phase both with respect to
composition and to temperature. Due to the
difficulties connected with the restricted
buttons and

homogeneity of arc-melted

metallographic phase identification, a
diffusion study was performed. It showed
that the high-temperature phases indeed form
distinctive diffusion layers characteristic
of the phase character of these high-
temperature compounds. Frcm a series of
diffusion couples annealed at different
temperatures three distinct tentative types
for a Ti-N phase diagram could be extracted
(Lengauer et al. 1989). These are shown in
Fig.l. The question concerning the relative
composition of ¢-TizN and -Ti«N3-x (Fig.1
type b or c¢) as well as whether these Lwo
phases overlap with respect to temperature
(type a on the one hand or type b or c¢ on
the other) had to be left unanswered.

In order to find these answers we modified
the isothermal diffusion couple technique by
introducting a temperature gradient parallel
to the developing layers.

This modification is called the temperature

gradient diffusion technique.
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Fig.1l

Variants of a portion of the phase diagram
of the Ti-N system consistent with results
annealed diffusion

from isothermally

couples.

2.- Experimental

step TiN-Ti diffusion couples
by

titanium plates with nitrogen in a cold-wall

As a first

were prepared isothermal reaction of
autoclave under strict precautions to avoid

oxygen contamination. The temperature was
adjusted to a value between the upper and
the of the
subsequent tube annealing procedure. After
{the duration of which

e.g. 20

lower temperature limits
the heating period

was dependent on the temperature,

days at 1423 K, (1150°C)) the samples were
cooled to room temperature within a few
minutes. The resulting samples consisted of
a gold colored 30-50um thick &-TiN layer
surrounding an a-Ti(N) core. At their
interface there was a diffusion layer

composed of ¢-TizN which had formed during
the cooling cycle below 1341 K (1068°C).

34 at%N

These samples were aligned and positioned in
A
temperature profile of the position where

a Mo-foil holder as illustrated in Fig.2.
they were located is also shown in Fig.2. In
the
holder from reaction with air,

order to protect samples and sample
the samples
The

tubes were placed in turn in a ceramic tube

were sealed under Ar in silica tubes.
within electronically
controlled SiC-heated furnace (Fig.3). After
5 days) the

While the
samples were being pulled out of the furnace

an temperature

reaction (typically for 24 h -

tubes were quenched in water.

the ceramic tube served as a heat buffer.
The temperature profile of the SiC furnace

was meagsured before and after the heat
treatments of the samples by introducing a
thermocouple in a gilica tube and

positioning it in exactly the same manner as

the samples. Typical deviations in
temperature before and after annealing were
1-3 K, depending on the temperature
gradient.
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Fig.2
A temperature profile for a gradient diffu-
sion experiment together with a schematic

representation of sample alignment.

3.- Results and discussion

The microsections of the samples annealed in
the temperature gradient reflect the co-
existing phases as a function of temperature
and composition. On the axis normal to the
diffusion layver the sequence of phases with
activity from the

decreasing nitrogen

surface to the core of the sample can be
seen. Paarallel to the temperature axis the
change of phase sequence with temperature is
reflected. This 1is the same representation
as used for phase diagrams, so that such a
sample can be translated directly into a
phase diagram.

As shown in Fig.4 the peritectoid
decomposition of the ¢-~TizN phage can be
"observed" directly and the decomposition
temperature of 1341 K (1068°C) immediately
deter-mined, which is in excellent agreement
with recent determinations (Etchessahar et
al. 1986, Lengauer & Ettmayer 1987).

Similar results could be obtained for all
other co~existing phases including the high-
temperature phases r~-TiaNz-x and [-Ti«Na-x.
In the diffusion bands these phases were

more difficult to distinguish optically

T SiC )

[7 777777 777777777777/}

silica tube\ /samp[e NN
)"
(777 777777777777

¢ SiC b

&

ref point

Fig.3
Schematic representation of the internal
parts of the 8iC furnace for a gradient

diffusion experiment.

/K

1341

1340

1339

Fig.4

Microsection of a diffusion band reflecting
the decomposition of ¢-TizN at T = 1341 K
{1068°C) as obtained by a gradient diffusion

experiment.
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since their colors are less intensive in
polarized light than those of a-Ti(N) and ¢-
TizN. However, the microsections ot
diffusion couples unambiguously reflect the
phase sequence in the T1-N system both as a
function of temperature and composition. A
representation of these phase equilibria is
shown in Fig.5. It can be seen that with the
temperature gradient technique two three-
phase equilibria which occur within a
temperature 1nterval of less than 2 K can be
observed.

The precision of the technique depends on
gradient and is
better than 0.1 K.

However, if the temperature gradient becomes

the temperature

theoretically much
too smail the local thermodynamic
equilibrium is strongly influénced by grain
size and mechanical stress. It was cbserved
near the thermal stability limit of the _-
phase that the layer sometimes disappears
(and hence the layer sequence changes) when
a grain boundary of the adjacent a-phase
meets the diffusion band. To avoid this
grain size effect the temperature gradient
should not be too small. In the present
study gradients between 8 K/cm and 50 K/cm
were applied with consistent results. The
extent of the grain size influence can be
observed by comparing opposite surfaces
which were located at the same temperature
but had a

structure. In the most unfavorable cases --

different grain boundary
where relatively thin elongated .-Ti«Na-x
grains were 1in contact with the large a-
T1i(N) grains near the decomposition
temperature of -Ti«Na-x -- the precision
was + 3 K. In the case of the phase reaction
a-Ti(N) + _~Ti«Na-x --> ¢-TiaNz-x the error
was about + 5 K because of difficulties to

distinguish the crystallographically closely

related compounds r-TiaN2a-x and _-TiaNa-x.
For the phase equilibria - TiaNz2-x --> a-
Ti{(N) + £-TizN, _-TiaNa-x ~-> y-TiaNz-x + €-
Tiz N and o TlaNa-x = &6 > ¢ Tiz N) the

diffusion bands did not contain the

elongated grain size and the effect was much

less pronounced. The precision of the
nonvariant three-phase conodes was better
than 0.5 K.

The absolute accuracy ot the temperature

measurement is determined by the accuracy of
the Pt/PtRh thermocouples together with the

uncertainty of positioning the sample 1n the
furnace (+ Ilmm) and can be estimated as
t5 K. Further improvement 1n the positioning
of the samples and use of 4 calibrated
thermocouple could increase the accuracy.

It <hould be noted that there are problems
assoclated with EPMA measurements of
titanium nitrides due to the very strong
overlap of nitrogen and titanium lines
(Bastin et al. 1988). A study is in progress
to determine the compusition of the lavers
by means of well characterized Ti-N
standards. In the present study the
composition was <calibrated during probe
measurement against €-TizN assuming that it
had a homogeneity range of 32 - 33 at% N.
Therefore the compositions of the a-Ti(N)
and 5-TiNi-x phases (which both are turther
away 1n composition from ¢-TizN than the
other phases) are too high and too low,
respectively. Together with more exactc
quantitative EPMA measurements, which will
be published in the near future, it will be
better

results with 1improved precision for the a-

possible to supply quantitative

Ti(N) and 5-TiNi-.x phase boundary.
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Abstract

[he enthalpy of formation of ondered terary alloys with Lly-structure obtained by ternary additions to NiyAl was determined by

wlntion calortmetry in liguid ahiminimu, The concentration dependence of the eathalpy of formation is discussed on the basis of a

struple statistical rreatment.

1. Introduction

Fou the development of superalloys and advaneed alun-
nides 1t is fmportant to know the solid solubility of ternary
canpotents in the ordered phase NigAl and thar thermodyna-
e properties. In this work results of solution calorimetry are
pre~ented to determine the enthalpy of formation as a fanction
of ternary additions to NigAL The results are disenssed an a
stnple Brogg- Williaws model taking into account the site pre-

fereuce of the ternary additions,

2. Experimental

A previonsly deseribed calorimeter (Sommer et al. 1980,
Ochnie et al. 19783 was userd to determine the heats of for-
mation by solution cajorimetry, The alumina reaction erueible
contatns an alumiuina bath tabout 1.3 mol alumimnm with
a punty of 99977 Calibration was carried out by adding
at deast seven abumininm samples of mass about 0.2 g which
have a known enthalpy content from room temperature (Hule-
gren ot al 197320, The individual additions of the alloys and
their components had masses of about 1.3 g The temperature
cliange ceeuring danng the dissolution process is determined
by a Ni-NCr thenmopile sitnated direetly below the reaction
crnethle. The resulting heat effects are recorded and the area
under the AT va. time curve eorresponds to the enthalpy of
dissolution MY [n all expeniments the calorimeter was eva-
enated and fashed with high purity argon (purity 99.999% )
tive tines at different temperatures during heating and then
ieastretments were done at o constant temperature in steady
argon atniosphere with continnous stirting through ont the ex
petmerts The ALOy stitrer has an effective Blade area of 3
‘ /”:

Fhe allows were made from metals with a purity of 99.98% or
fneher. Moelting was earned ont i an imduction farnace under
argon atmosphere to produce chilleast eylinders of diameter
i After vohividual hest treatment and rapidly cooling to

rooan temperature the homogeneity of the alloys were confir-

med by Xeray analysis using the Guinier technique and metal-

lographie examination.

3. Experimental results

The experimental results for the thermal effects of dis-
solution ANHY of uickel. cobalt, tron. manganese. chromium,

copper. gallinm. silicon and of the binary and ternary alloys

i hgmd alumimam ate given in Tables 1:9 as a fanetion of
the concentration of all additionad clements. AHF ineludes
the ehange in heat content of the samples from room tempera-
ture to the temperature of measurement. The thermal offects
at infinite dilution AH"* were obtained by extrapolation to
ryg o= L AH i obtained as mean value or by using a -
» ar concentration dependence. The uncertainity is given by
the addition of the standard error of calibration and dissolu-
tion of the metals and alloys, The partial enthalpies of nixing
at nfinte dilution Aff,) of liguid components in hguid ala-
mininm (see Table 11) have been obtained by subtracting the
heat content from room temperature to 1123 Koand the ent-
halpy of melting of the elements from AH,[;'“ (Hultgren et al.
1973a). The cuthalpy of melting was extrapolated to 1723 K.
The temperature dependence of the AH valnes of iton and
nickel in hquid aluminium indicates the existence of chemieal
short range order. which is deseribed in thermodynamic mo-
dels as the formation of associates with a definite stoichiomcetry
(Sommer et al. 1988). The heat of formation AH/ of the in-
termetallic phases at room temperature are caleulated directly

from the measured AH 9 values:

/
A[{")c'4’7’(,,“.r,
P AHE S AHEY 4 e AHEY - AHT? (1

RSN T

The values obtained are given in Table 10 and some of the
concentration dependences are presented in Fig. 1-5. The re-
frrence state of the AH values given in Table 10 and of the

extrapolated values ealenlated with equ. {2) and (3) i~ the e
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chanical mixture of the pure components in their stable ervstal
stincture at roomw temperature,

The enthalpy of formation of a ternary alloy is calculated from
their separately measured AHF"values and Lterature value
for the heat content of alumimum (Hultgren et al. 1973a) (see
equ. (1)), The high accuracy of the enthalpy of formation va-
lues given in Table 10 could oniy be achieved because the indi-
vidual AH*Vvalues have been obtained inmost cases with
standard error bhelow 17 Tae standard error of the compounds
given in Table 10 has been caleulated by taking square root of
the added squares of the four standard errors of the AHY-
valnes of the compound and the components. The sqnared
ertors ot the AHF%values of the components have been ad-

ded aceording to their mole fractions.

4. Discussion

Between NigALand NS NigAband N Ga exist a conti-
sons hotogeneity of L-pliase an 1273 N (Ochia o all 1984).
N AL and NN also show continons selubihiny below Ton I
FWackhteler al 19857 The results of Xeray analysis of our heat
treated <amples also show these continous solid solulalities and
only NiMu simples contin, even after 36 d heat treatmnent,
a smadl vohume part of disordered fee solid solution. The <o-

Dibality Toauit as 23 ae for copper at 1173 K and 30 at for
cobalt at 1073 K (Ochiad et al. 1984). The mvestigated alloys
with chromuoun and tron also show Ll,-strueture.

The wre preferenee for ternary components in the unit cell of
N Al with L, van be estimated from the direction of the so-
Tubality Lobe i a ternary regron (Ochiai et al. 1984). A ternary
adilitton N which UCCHpIes mmt]_\' cube corner sttes has a lobe
i the divcetion NipALNG XL an addition which ocenpies mostly
face centered sites has a lobe in the direction NigALXAL and
an addition whicl substitures both sites has maximum solubi-
hity extension i a direetion in between, A simple explanation
of this behiaviour can be obtained from the atomie radin of Ni
1125 A) and AL (143 A) in relation to the atomic radius ra-
dins of the ternary adidition, hecanse an ordered structure can
be casily destabilized by an unfitting atomic radins. Values
of atomie radins nsed for the elements (Pearson 1970} are ob-
tarned constderning a coordination number of 120 1f the atomie
tielins of the ternary component is approximately egual to that
of ekl s alumimn then 1t can castly substitate cne of these
eletnents Therefore copper (1.28 A) and cobalt (1.23 A) <ub-
stitute mekel From experimentally determined atomie volume
of Al Nisohed solution. as a fanction of concentration and
atome volume of NipAl one obtains a partial atutie volume
of Al NipAL The effective radins for coordination mumber
12, determuned by this partial volune, amonnts to 131 A The

cfeetive atomie radins of Al in NigAl s therefore 1310 A Ko

latschiek 1988) and not 1.43 A as for the pure element. Lhe
charge trausfer and the covalent boud hetween the aroms
NigAl as shown by recent electron theory caleulations (Mo
rinaga et al. 1984), cause the chanze of atomic radius in this
compound. From similar investigations the effective radims of
galltum 1 NiyGa resalts 5 1.33 A (Kolatschek 1990) aned that
of Mn in NisMnois 1.34 A (Pearson 1958). Gallinm and man-
ganese can therefore sabstitnte alumninm easily. Consulering
the effective radins of Si. 1.22 A (Ellner 19811, silicon should
substitute nickel. but silicon substitutes alumininm {see Fuge
3) because the electronie confignuration of silivon s muei wore
stilar to aluninium compared to nickel. The effective radn of
iron (1.29 A) {Pearson 1938) and chrommm (1.29 Ay Tavlos
and Floyd 1952y allow in accordance with the expeomental oo
sults a substitution of all sites in NigAL Fnomoto ot ol 10sn
and Wu et al. 1989 have obtaimned with the chister vianation
method more detatled informations about the site preferene
of ternary addition in an A4B componnd with the LT, stow mane
depending on the relative magnitude of the pair wterenons
The concentration dependence of the heat of formaten alone
the quasibinary cut NiaAL NN should be determined wanuy
by the AH vadues of NigAl and Niu,No The results fr X
Ga. Mn and Si support this tsee Figo 12330 A sunple st
stical treatment which deseribes the coweentration dependens
of AH! and accounts for the site proferenee of XNoin an orde
red L1, alloy can he obtained from the Bragg-Willims moded
Taking only nearest neighbour and concentration mdependent
imteractions into account for the speecial cise where the terniay
additions verupy only enbe corner sites the following cqnation

results {Ochiat ot al. 1084).

{r}

f rrr _ .
AN, = 13[({ '«\\'>‘\xu R R

AH]

with Vi = o 0™
3

: A,

oy = - ,‘;3,,

According to equ. (2) AH! exhibits a linear concentration
dependence. The expenimentally obtained results for NigAl
NiMn also show a hinear conceatration dependence with the
exception of NixMn because it was only partially ordered. The
extrapolated value for a completely ordered NipMn amonnts to
12 + 1.5 kJ mol ' {see Fig. 2). The AH! values for NigAl
Ni4Si follow linear concentration dependence only with a big
seatter which results ina value =49 = 2 kI mol ' for Nixs
with Ll-structure {see Fig. 3}, This vadue is in agreement
with resuits obtained from phase diagram calenlations (Nash
1987) and is in disagreement with the value of 36 kJ mol

obtained by reaction calorimetry (Oelsen et al 1936). These

experimental results show that AH{” along N13ALNGNX can be




described with eqn. (2) if the AH/ of binary bordering phases
are known.

If the ternary additions occupy only face centered sites then
considering only nearest neighbour and concentration indepen-
dent interactions the following relation 1s obtained (Ochiai et
al. 1084).

Xy
AH{I) = [ - ‘\-4I+T‘\4l
2. .
+ =Xy (1‘_\\)‘N-,\’} (3)
3
AHL 4

with Vxal =

The experimental results for Ni3Al-X3Al can be described quan-
titatively with eqn. (3) using experimental data of the base bi-
nary svstems (sce Fig. 4). The interaction parameter
(Vyoar = =135, Vaues = =930, Vyieo = 0.1 kI mol™!) are
obtained from ’—\H‘{'-;AI' " AH(]'oa.-\l " (Henig et al. 1980) and
- AHﬂ,JCO " (Hultgren et al 1973b).
ons obtained for Ni-Al-Cu alloys can be used to calculate with

The heat of formati-

eqn. (3) the enthalpy of formation of a hypothetical CuzAl
compound with L1, structure. The AH/-value obtained with
Vv = —0.6 kI mol™! (Hultgren et al. 1973b) amounts to —37
kJ mol™'. The Ni-Al-Cr alloys investigated have concentrati-
ons near the quasibinary cut NizAl-CrzAl. The experimental
AH(II)-VaJucs correspond well to the values obtained from eqn.
(3) using V.yer = =3. Vyvier = 0.3 kJ mol~! (Hultgren et al.
1973b).

The '_\H(’”-valuen within a ternary phase with L1, structure
can therefore be calculated with a simple Bragg-\Williams mo-
del taking into account only nearest neighbour interactions
using interaction parameters which are fixed from AH/-values
of the binary base systems. The experimental AH(II)-VEJ]IICS
can also be used to determine the parameters of the pair in-
teractions within the cluster variation method and to calculate
the site preference of ternary additions.
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perature { - - caleulated from eqn. (2)).

-30

|

. |
! I
S S S

.(.SL— -

AHE. k) mol !

|
|
|
50 L 1 I ! )
8]

5 10 19
NiggAlyg o NigCorshlys

Fig. 4. Entlialpy of formation of Ni-Al-Co alloys at room tem-

perature { - caleulated from eqn. {3)).

T 1 T T
a%
-
.36 - -
.
- o -~
E 1
- .
2 % - .
] = P -
-~ I
- !
.Jt
-Lz-.
L 1 ! i
0 5 10 15 20 25
Nizg Alyg *Ga Ni76635

Fig. 1. Enthalpy of formation of Ni-Al-Ga alloys at room tem-

perature ( - - - caleulated from eqn. (2}).
T T T T
.40 o
N
RN
-2l s .
_ N
T ~
e ~
Pl " l
- ~
x ~
< | N
3 -u6- ~ .
N
> ~
~
-4l S~
-50 1 i 1 |
0 5 10 15 20 25
NizgAlzs T a— Ni7551 25

Fig. 3. Enthalpy of formation of Ni-Al-Si alloys at room tem-

perature { - - - calculated from equ. (2)).

T T T T T T T
.36 -
-38 4

LL}> n
L H 1 L I L 1
0

N|75A125 Xo —— N‘63CU12A|25

AHE. k) mol!
I
F—o—
]
]
1
]
b
\
|
]
I
\
!
A
p—0—
\
i
1

ig. 5. Enthalpy of fortaation of Ni-Al-Cu alloys at room tem-

perature (- - - calenlated from eqn. (3)).




35

Table 1. Experimental values of the enthalpy of dissolution of cobalt, copper, gallium, nickel, manganese, silicon, iron and chro-

mium from room temperature in liquid aluminium at 1123 K (z, ¢t.%, AH kJmol™').

f

Ieo \ AHE, n Zew IAH{{“ n roa | AHE, ﬂ N, i AHE, | xma | AHE, n s, IAHE, H rp. | AHE, ﬂj JAH{:‘,
016 | —1096 | 1.17 | 091 [0.17 | 339 [0.35]-107.2 [ 0.24 | —40.9 [ 0.22 | 53.3 [ 0.45 ] —76.9 | 0.19 | -29.2
0.26 | —109.9 232 | 071 |05 | 311 o071} -1089 [ 047 | 411 [[0.42 ] 53.4 [l0.75 | ~79.5 || 0.46 | —25.0
0.29 | —1114 | 3.48 | 0.65 | 0.80 | 31.4 [ 1.10|-111.0 || 0.69 | —37.8 || 0.63 [ 56.1 || .04 | —83.0 | 1.00 | —27.7
0.46 | —109.7 [ 4.62 | 053 || 1.05| 31.2 f1.54 | -111.4 | 0.90 | —30.1 || 0.86 | 55.9 | 1.31 | —78.7 | 1.64 | —28.1
0.51 | —110.4 || 5.72 | 022 || 143 | 317 | 197 | -1106 | 1.13 | —40.8 || 1.05 | 56.5 || 1.62 | —79.0

0.52 | —110.4 [ 6.80 | 0.09 || 1.82 | 33.0 [ 2.39 | -110.9 | 1.32 | —30.7 || 1.20 | 573 | 1.92 | ~84.0

0.69 | —110.9 || 7.89 | 0.08 [ 219 | 31.6 | 2.80|-112.0 || 1.60 | —39.6 | 1.36 | 56.5

0.59 | 1114 | 9.01 | —0.04 || 2.44 | 315 [3.15 | ~112.6 | 1.90 | —41.1

0.80 | —104.2 [ 10.1 | —0.20 | 2.38 | 33.3

0.96 | —108.6 || 11.0 | —0.10 | 2.87 | 30.3

102 | —106.6 | 12,0 | —0.22 [ 3.16 | 315

1.08 | ~103.6 || 13.0 | —0.31 | 3.50 | 30.9

127 | ~103.2 | 13.8 | —0.45 [ 3.81 | 30.3

1.29 | —103.9 || 14.8 | —0.57 [ 4.07 | 318

1.46 | ~107.0 || 15.0 | —0.51

150 | ~103.3

AHES = AHE = | aEE'= | AHE = AHES = | aHE = | aBE = | AHE' =
S108.0 18 | 0.86 £0.13 | 317 £06 || —110.4 £13 | —40.0 £0.6 | 506 £1.2 || —79.4 £1.6 | —27.5 £1.3

Table 2. Experimental values of the enthalpy of dissolution of NizsAlys, MnysNizs and NizsGags from room temperature in liquid
alnminium at 1123 K (r, at.%, AH kJmol™').

TN AH,€.75»1125 “ I Mn Ni l AHI{;lnnNmJ[ INi.Ga AHﬁin,Ga;g,
0.11 -33.5 0.38 ~83.5 0.29 ~-39.6
0.24 -33.5 0.75 —84.5 0.61 -39.9
0.40 -34.6 1.08 -84.3 0.93 —~40.7
0.48 -30.9 1.42 -86.0 1.26 —~40.2
0.60 —-34.6 1.76 -85.0 1.60 —-40.4
0.74 -30.7 2.03 —-84.7 1.94 —-41.6
(.84 -34.2 2.41 -86.3 2.28 -38.9
1.02 -30.8 2.82 —84.2 2.63 -38.8
1.12 -34.2 2.98 -40.8
1.29 -314 3.36 -39.9
1.57 -31.4
1.88 -34.0
2.19 -32.5
2.52 -324
2.88 —-32.8
AHz;?sA‘zs = AHtff.v(l)uan = AHﬁ;?szazs =
-33.4 £0.4 —-84.8 +0.8 —-40.1 £0.5




36

Table 3. Experimental values of the enthalpy of dissolution of CoqNiz; Alys, Co7NiggAlys, CoyyNigsAlss and CoysNiggAlys from room
temperature in liquid aluminium at 1123 K (z; at.%, AH kJmol™').

ICoNs l AHgo.NmAlu u ICo,Ni AHCEmNiuAlu ZCo,Ni ' AHgonNi..Alu J zCo.N-‘LAHgmNinu
0.23 -32.1 0.26 -31.9 0.17 -33.0 0.32 -324
0.40 -34.6 0.69 -334 0.39 -33.7 0.65 -39.3
3.60 -32.2 1.20 -32.4 0.57 -35.3 1.01 -38.4
0.85 -33.6 1.36 —33.5 0.77 -37.8 1.36 -37.8
1.09 -34.3 1.71 -33.4 0.96 -324 1.72 -37.3
1.27 -34.1 2.05 -34.1 1.14 -31.8 2.08 -41.4
1.55 -33.4 2.41 -35.2 1.31 -33.6 2.43 -38.2
1.77 -35.0 2.78 -34.0 1.66 -39.3 2.88 -374

3.16 —-34.0 1.79 -32.0
AH(?(;?NUL’“?& = AHg;?NissAl:a = AHgl;?lNiuAhs = AHg;?le'saA’zs =
-33.7 £0.7 -33.5 £0.5 —-34.3 +1.3 -37.8 £1.7

Table 4. Experimental values of the enthalpy of dissolution of NizsAlyoSis, NizsAlisSize and NizsAleSiys from room temperature
in liquid aluminium at 1123 K (z; at.%, AH kJmol™).

INiSi I AHﬁ.‘"Al,os.‘, TNi,Si AHﬁ.‘nAz.,s;,o INi,Si AHﬁiuAlmSi,,
0.24 -29.4 0.37 —26.0 0.28 —-25.7
0.47 ~27.6 0.74 —24.7 0.63 ~26.0
0.75 ~30.4 1.05 -26.1 0.98 —-27.0
1.04 —29.9 1.39 —25.8 1.34 —26.9
1.32 —28.2 1.79 —27.6 1.711 -26.3
1.58 -30.1 2.16 —26.1 211 -26.3
1.88 -32.0 2.50 -26.9 2.52 —-26.3
2.18 -31.9 2.82 —26.1 2.88 —~25.6
2.47 -31.3

2.65 ~29.4

2.97 ~29.6

AH}&?;AIWS:‘,, = AH[%;'?,AI,.Sim = AHﬁfsAlmSiu =
-30.0 +£0.6 —26.2 £0.4 —26.3 £0.4

Table 5. Experimental values of the enthalpy of dissolution of NiggCugAlys, NiggCugAlys and NiggCu;zAlzs from room temperature
in liquid aluminium at 1123 K (z; at.%, AH kJmol™').

INiCu LAHSieoCHoMu INiCu AHﬁiesCqulu ZINiCu AHﬁiuCunAln
0.24 -28.1 0.30 ~23.7 0.29 —-17.6
0.50 —-27.1 0.62 ~23.5 0.59 —-20.8
0.77 —26.0 0.98 ~22.4 0.89 -19.3
1.03 —-25.4 1.36 -22.8 1.24 —-20.5
1.35 —25.2 1.73 ~23.4 1.39 ~20.5
1.68 ~27.0 2.11 —-23.8 1.96 ~19.8
2.03 —-26.2 2.49 —24.9 2.33 —19.8
2.66 —26.6 2.88 —~24.6 2.70 -19.7
3.02 -27.0 3.27 —25.0 3.08 -20.7

3.47 ~22.2
AHﬁi‘:.Cu,Aln = AHﬁf.CugAl" = AHI&S,C-..,AI,, =
~26.5 +£0.4 —23.8 +£04 —20.1 +£0.5
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Table 6. Experimenlal values of the entha]py of dissolution of Mn5Ni75Algo, MnmNi'{sAl]s, MnlsNimAlm and MnmNi';sAl_r, from
room temperature in liquid aluminium at 1123 K (z; at.%, AH kJmol™!).

I Mn, N AHﬁn,N.',,Af,o IMn.N AHflnmNiuAlu " T Mn,Ni | AHEI",.N.',.AIW TMn,Ni J AHAE/:InmNiuAlg
0.32 —41.2 0.38 -50.8 0.33 —57.8 0.34 —66.1
0.65 —41.0 0.75 —50.8 0.70 —60.4 0.70 —68.1
0.98 —41.7 1.14 -51.3 1.09 —-61.7 1.06 —68.7
1.48 —41.5 1.53 -50.1 1.49 —62.4 1.46 -70.0
1.81 —41.0 1.94 -52.0 1.88 —60.2 1.85 -70.0
2.14 ~40.7 2.35 —-51.5 2.27 —-58.9 2.28 —-72.2
2.52 —42.0 2.76 -51.8 2.67 —-62.4 2.78 —67.8
2.91 —42.3 3.17 -53.0 3.07 -61.7

3.59 -53.5 3.50 -61.0
4.02 —-53.1 4.00 —58.9
AHA5'£5/V'75A120 = AHIS"(Z[O"V"I&AIIS = AHfl‘guNiuAho = AH}ff':zoNiuAls =
-41.4 £0.5 -51.8 +£0.6 —60.5 £1.0 —69.0 £1.0

Table 7. Experimental values of the enthalpy of dissolution of NizsAlyoGas, NizsAljsGayg, NizsAlyoGajs and NizsAlsGage from
- room temperature in liquid aluminium at 1123 K (z; at.%, AH kJmol™!).

INiGa AHﬁt,,mmGa, INi,Ga AHﬁi-,_-,AluGam ]lzN-'.Ga AHﬁiuAlea“ INi,Ga AHE»‘"AlsGam
0.26 —-34.8 0.23 -37.2 0.24 -38.8 0.31 -39.2
0.49 -334 0.46 -35.0 0.51 -36.0 0.63 -37.8
0.70 -~34.1 0.76 -37.7 0.78 -35.4 0.96 -38.0
0.91 -33.9 1.06 ~34.8 1.06 —-36.8 1.38 —36.4
1.21 -33.3 1.36 —~34.9 1.38 -374 1.67 —-38.0
1.51 -35.3 1.69 -33.5 1.72 -36.8 2.03 -371
1.82 -33.6 2.03 -37.8 2.39 -38.1
2.12 -32.8 2.38 -37.0 2.76 —-38.1
2.44 -34.8 2.72 -37.3 3.15 -37.5
2.83 -33.3 3.13 -38.3 3.41 -38.0

AHﬁl?,At,oca, = AHI%E?,M“GM = AHﬁig,Alwca., = AHﬁE?,Alscam =
—-33.9 +£0.4 -35.5 £0.8 -37.2 £0.5 -37.8 £0.4

Table 8. Experimental values of the enthalpy of dissolution of NizAly3Fes, NizsAlysFes, NirAlpoFer and NirAljgFeyo from room
temperature in liquid aluminium at 1123 K (z, at.%, AH kJmol-1).

INiFe AHEI'“A’Q;FC’ INiFe AHﬁlnMnFq INiFe AHll\ali-“Al"Fc-, INiFe AHﬁinAl"Fem
0.31 -35.3 0.35 -381 0.2 -36.9 0.9 —42.9
0.65 -37.1 0.68 -39.2 0.41 -37.2 1.2 —43.7
1.1 -37.5 1.0 -38.3 0.82 -35.4 1.6 —44.6
1.9 -37.3 1.6 —38.6 1.61 ~-37.5 1.7 —42.2
2.2 -37.3 1.95 —40.2 1.82 -37.9

21 —38.0
ED _ E0 _ EQO E,0 -
AHNiuAl”Fe; - AHNi1xA11:Fts - AHNlnAluFey = AHN:'-,;AI“F:W -
-37.0 £2.3 -38.9 +1.5 -37.4 £0.6 —43.3 +£0.6




Table 9. Experimental values of the enthalpy of dissolution of Niz2Al;3Crs, NizgAly;Crs and NigrAly; Cry2 from room temperature
in liquid aluminium at 1123 K (r, at.%, AH kJmol™").

INsCr AH1€I17AIQ;C1'5 l xNinfi AHl‘lgquanrg INiCr AHﬁi;:Al}[CY\z
0.3 -36.8 0.29 -35.1 0.27 -34.1
0.7 -34.8 0.96 ~36.7 0.51 -34.8
0.98 -37.3 1.24 ~36.9 0.85 -34.9
1.28 -36.3 1.58 ~37.7 1.09 -33.6
1.66 —35.2 1.36 -36.7
1.96 -36.9 1.67 -35.7
EQ Eo Ep
AHN!"J:““::CFs = A‘111\’1'10,41220ra = AHNluAllerﬂ =
—-36.1 £0.9 -36.6 £0.7 -35.0 +£0.4

Table 10. The enthalpy of formation of intermetallic phases at room temperature (AH/, kJmol™1).

NirsAlys  —40.6+1.0 NizsAlyoSis  —42.5+1.1 Mn;sNirsAlyy  —35.941.1 NizsAlysFe;  —39.1£1.9
Ni75A125 -37.6 [1] N175A11551m —45.3+1.0 NIXI]UNiﬂ,Al]s —293i11 Ni73A122F(’5 -38.0+1.7
Ni15A]25 -40.2 [2] Ni75A1|QSi15 —~-44.241.1 Mn,sNi75Alw —24.3+14 NinAlnF(‘7 ~388+14
Ni75A125 -37.6+5 [3] h1n20N175A15 -19.5+14 Ni';zAllgF(‘w -37.8+14
NisgcusAlzs —40.941.0
Mn75Ni25 ~7.5%13 NimCugAlzs —40.3i0.9 Ni75A120Ga5 —40.4:t1.2 C().;Ni',')Alzs -40.4+1.1
NiggCuyAlys  —40.740.9 NizsAlLisGayo —38.9+1.3 Co;NiggAlys —40.411.0
Ni'{sGazf, -34.8+1.0 Ni',‘s,Al]oGa.]s —-37.4%+1.2 CO]]NimAlgs ~39.5+1.6
Ni15G&25 —266:*:07 [4] Ni72A123CI5 —367:t14 Ni75A15Gazo —-36.9+1.2 C015N160A125 —360:t19
NinGags =274 [5] NimAlnC!s —-35.2+1.4
Ni67A121CI|2 —-34.94+1.3
1. {Kubaschewski 1958). 2. (Oelsen 1937), 3. (Hultgren et al. 1973b). 4. (Martosudirjo et al. 1976), 5. (Predel et al. 1975). q

Table 11. The partial enthalpies of mixing at infinite dilution of cobalt, manganese, gallium, chromium, iron, nickel, copper and

silicon in liquid aluminium at different temperatures (AﬁO kJmol™').

A‘H‘go A_E(A)‘Wn A}—{(C)in Aﬁ?‘r
—140.6 £1.5 (1100 K) [1] | -83.8 +0.6 (1123 K) [2] | -3.5 (1023 K) [4]{-71.8 £1.3 (1123 K) [2]
—~150.8 £1.8 (1123 K) [2] | —64.6 (1626 K) (3] | —4.0 £0.6 (1123 K) (2]

A[_{(;'e Aﬁ(l)vu Aﬁ_‘(’,‘u Aﬁg'
~128.5 (971 K) [5] | —151.1 (1023 K) [6] | -34.2 (1023K) 6] | -11.5 (962 K) [9]
-119 (1623 K) [6] | —149.4 £1.3 (1123 K) (2] | -3424£0.1 (1123 K) [2} ] -16.6 £1.2 (1123 K) (2]
-1203 £1.6 (1123 K} [2] | —149.1 £1.9 (1158 K) [7]| -33.9 £0.3 (1191 K) [7] | -8.7 (1760 K) [11]
-110.8 +3.0 (1212 K) [7] | —136.4 (1923 K) [9] | —38 3 (1473 K) {10]
~95.2 (1873 K) (8]

1. (Henig et al. 1980), 2. (this work), 3. (Esin et al. 1973), 4. (Hultgren et al. 1973b), 5. (Mathieu et al. 1967), 6. (Dannohl 1971). 7.
(Lee et al. 1985), 8. (Petrushevskiy et al. 1972). 9. (Sandakov et al. 1971a), 10. (Sandakov et al. 1971b), 11. (Batalin et al. 1981).
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Application of the Knudsen effusion technique to the
determination of vaporization thermodynamics using simultaneous
mass-loss and mass spectrometric methods of vapor pressure

determination is described.

The results obtained for the

aluminides of the early transition metals (Zr, Nb, Mo and Ta)

are reviewed.

. - Kn n effusion

The Knudsen effusion method is used to
determine partial vapor pressures by the
measurement of rates at which vapor species pass
through an orifice in an isothermal enclosure
containing a vaporizing condensed sample. A number
of conditions must be met if such measurements are
to accurately yield partial pressures, the most
important of which are: 1) the sample and
container must not interact significantly with the
environment or with each other, 2) the transport
rate must be accurately known as a function of
pressure, temperature and molecular mass (here, as
is generally true for Knudsen effusion, this means
pressures sufficiently low that the equations of
kinetic theory are valid), 3) the rate of vapor
flow through the orifice must be sufficiently low
relative to the rate of collision of vapor with the
condensed phase that the solid and its surface are
essentially equilibrated with the vapor, 4) the
quantity of material that creeps or diffuses
through the orifice must be negligible and 5) the
crucible interior must have an essentially uniform
temperature. When these conditions are met, and
when the orifice channel results in negligible back
reflection of the vapor (when the Clausing factor
is unity), the number of molecules of the i’‘th
species leaving the crucible in unit time is

dn, P,a

dt J2nm kT

§

where P, is the equilibrium partial pressure of the
i'th species, a is the orifice area, M, is the
molecular mass, k is Boltzmann’s constant, and T is
the temperature of the crucible interior.

2. - Mass spectrometry

Our experimental technique is to use a mass

spectrometer to examine the vapor arising from a

Knudsen crucible that is suspended from one arm of
a microbalance (Fig. 1). Since we use a computer
to assist in the collection of data we call the
technique the Computer Assisted Simultaneous Mass-
Loss and Mass-Spectrometric technique, or CASMLMS
for short. This technique has strengths and
weaknesses that will be discussed below with
respect to conditions 1-5.

The mass spactrometer provides for the
identification of the vapor species by ionization
by electron impact followed by mass analysis by
quadrapole mass spectrometry and detection of the
ion current, I*, using a multiplier. The effusing
molecules pass through the ionizing region of the
mass spectrometer at an average speed, §,,
determined by the crucible temperature, T

5, = J3KT
m,

and the number passing through the region per unit
time is proportional to the effusion rate, R, (is
equal to R, times a geometric factor equal to the
fraction of all effusing molecules that arrive in
the ionizing region). Thus, since the ion current
is proportional to R, and inversely proportional to
S,;, the ion current is given by .

1t = a,p/T

where a, depends upon species dependent quantities
such as the ionization cross section, the mass
analyzer transmission, the multiplier efficiency
and the isotopic abundances, as well as the
electron beam current and the geometric factors
mentioned above.

The. CASMLMS technique thus provides the
capability of two simultaneous measurements related
to the partial pressures and, when there is a
single vapor species, as in the studies discussed
here, to the total pressure. The mass-loss
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mcasurement allows a calculation of the total
pressure in the case of a single species, but
requires measurement times between tens and
hundreds of minutes. The mass-spectrometric
measurement provides a quantity (I*T) proportional
to pressure out with a measurement time on the
order of seconds, or less. Thus, one advantage of
the CASMLMS technique is that simultaneous
measurement of mass loss and ion current over 1/2
to 10 hr intervals provides calibration of the mass
spectrometer which can in turn be used to make many
pressure determinations over much shorter time
periods through the measurement of I*T alone. The
sensitivity of the mass spectrometer also permits
the determination of the variation of ion current
over relatively short time intervals, an important
capability for considering condition 3, as will be
discussed below.

Another benefit of simultaneous measurement
is that the proportionality between I*T and T¥Am/At
can be checked at various times during data
collection, and changes in instrument sensitivity
or in vaporization processes that might otherwise
go undetected can be noted and the resulting errors
can be avoided.

3. - Experimental methods

- Sample-contaiper interaction

Sample-container interactions may result in
the chemical alteration of the condensed sampie and
of the vapor. An example of an interaction of the
first kind is solid-solution formation. For
example, a transition-metal aluminide, TAl,, in a
crucible could interact to yield transition-metal
in solid solution in the crucible material. In
such a case the stoichiometry, and therefore the
thermodynamics, of the vaporization process would
be uncertain. Since high-temperature data
concerning solid-solution formation from aluminides
are generally not available prior to a vaporization
study, an important initial step in such a study is
the investigation of such processes and the selec-
tion of an appropriate crucible material. In the
work discussed here it was determined by the fact
of no observable mass gain of the crucible that
there is no detectable solid solution formed when
the aluminides of Ir,Nb,Mo and Ta vaporize from a
tungsten Knudsen crucible.

3.2. - Sample-vapor interactions

Interaction with the gas phase, given the
highly reactive nature of the early transition
metals towards oxygen, requires the careful
consideration of the oxygen partial pressure in the
intertior of the crucible. The rates at which vapor
species enter and leave the Knudsen crucible are
given by the Knudsen equation (given above). The

rate at which oxygen enters the crucible is the
rate at which H,0(g) enters the cell (the residual
gas at 107 torr, our working vacuum, is principally
H,0(g9)). The rate at which oxygen leaves the cell
is at least equal to the rate at which Al,0(q)
lcuves the crucipie.  The toiai oxygen within the
cell will thus be less than the amount given by

enter depart
Ruzo = Ruzo

or
res
ano PAIZO
J18Tres 70T

Assuming chemical equilibrium within the crucible,

P
K(T) - A\ZO
P2 P

r

where K(T) can be found, for example, in the JANAF
tables (Chase, et al. 1985). Combining

2 1 J707
Y Phjo-
P, K(T)  J18Tres

0;

For a typical set of conditions, T = 1700 K, Tres
® 1700 K {because of radiation shields), K(T) = 2
x 1015, P,, = 107 atm and P;; = 101° atm, the
steady-state value of P, is calculated to be
less than about 10-22 atm.

Thus, the stability of Al1,0(g) under the
conditions of a typical aluminide vaporization
assures a condition within the cell that is far
more reducing than the residual atmosphere that
can be achieved by pumping, and is therefore
sufficiently reducing to make oxidation of the
condensed sample a negligible effect. The
A1,0(g) pressure calculated for the conditions
given above is 2 x 1010 atm, a value which is
several orders of magnitude below P,, and thus
does not interfere with measurement of P,, by
mass-loss.

- R i i

The condition for molecular flow is
readily considered. As a simple rule, the
boundary for the onset of the molecular flow
regime fs taken to be given by a mean-free path
that is substantially larger (say 10x) than the
orifice diameter and data collection is
restricted to this regime. The third condition,
i.e., the establishment of solid-vapor equi-
librium, is frequently tested by examining the




effect of orifice area upon vaporization rate.
If the ratio of vaporization rate to orifice area
is independent of orifice area it can be assumed
with confidence that the sampled vapor is
essentially at eguilibrium with the condensed
phase. However, if the vaporization reaction is
incongruent, and therefore involves changing
chemical composition of condensed material, then
R/a generally does depend significantly upon a.
In this case, if the deviation from equilibrium
is not too large, then R/a can be pldtted vs. a
and extrapolated to a = 0. However, in practice
such measurements are time consuming and the
availability of orifice areas is limited, and
therefore some uncertainty is attached to
thermodynamic data obtained in this way.

On the other hand, the data obtained from
such ctudies, and information about the chemical
behavior of systems at temperature, are
frequently of sufficient value that the studies
are carried out in spite of this limitation. The
investigations of transition-metal aluminides (T
= Ir, Nb, Mo, Ta) to be discussed below fall into
this category. In these studies the following
technique was devised to check for a significant
kinetic barrier. After a measurement of pressure
at a given temperature the sample temperature was
dropped to a temperature below which measurable
vaporization occurred (P, < 10°1® atm) but above
which solid-state diffusion is believed to be
fairly rapid (T > 0.5 T,), and the sample was
annealed for ten hours or more. The sample was
then rapidly (< 1 minute) heated back to the
original temperature and the ion current was
rapidly measured. If the ion-current returned to
within t10% of the previously measured value the
measurement was accepted. If the ion-current
returned to a higher value and then decayed with
time at constant temperature it was inferred that
diffusion limited vaporization was occurring and
the measurement was rejected. Since the enthalpy
of vaporization is greater (roughly about two
times) than the energy of activation for
diffusion, it is expected that the rate of
vaporization will increase with temperature more
rapidly than the rate of diffusion. Thus, in the
work summarized here, it was anticipated, and
indeed observed, that there would be, for a given
system and a given orifice, a temperature above
which measurements of thermodynamic partial
pressures were not possible by virtue of
diffusion limited rates, and only data collected
at temperatures below the diffusion limited cut-
of f were accepted.

3.4, - Surface diffusion and creep

The mass-spectrometer, because of the
existence of a movable shutter, is capable of
providing a crude measurement of the effective
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orifice area. Thus, as the vapor species fis
shut-off from the ionizing region there results
an s-type curve (Fig. 2) of I* vs shutier
position, and the width of "half maximum" of the
s-curve is a measure of the orifice projected
along the lines of flight of the molecules. The
occurrence of creep or diffusion along the
surface of the orifice channel and out onto the
crucible surface results in a diffuse enlargement
of the effective orifice area and can be detected
by determination of a shutter profile.

3.5. - Temperatyre measyrement and uniformity

The fifth condition, of isothermal
conditions within the crucible is extremely
critical. A necessary but insufficient condition
for an isothermal crucible is that vaporizing
sample not be transported to regions of the
crucible other than the region of the source
sample. One of the experimental factors of
importance in vaporization studies is that they
are typically at high temperatures (>1500°K) and
at these temperatures radiative heat transfer is
important (radiative heat transfer increases as
the fourth power of T). Thus, our experimental
design includes radiation shields that are
designed to produce, in so far as is possible, an
isothermal enclosure in which the crucible is
suspended. The temperature is measured using a
W—Re alloy thermocoupie inside a Ta shield with
BeO insulators, and the tip of this thermocouple
is located within ca. 1 mm of the Knudsen
crucible. Prior to a vaporization study the -
thermocouple s calibrated by intercomparison
with a Pt-Rh alloy thermocouple that is placed
inside the crucible.

The effectiveness of this calibration, and
of the radiation shielding is difficult to
estimate. The criterion used in this work to
determine whether there are or are not serious
temperature measurement errors is a standard in
high-temperature vaporization studies, namely the
comparison of enthalpy changes determined by
second- and third-law calculation.

4. - Data reduction

Using the free energy function (Gj—H3ge)/T
= fef and considering a reaction such as

TAL,(s) = TAl,(s) + (y-x)Al(g)
for which AG} = RT 1n P,;, it follows that

Afef = —R 1n P:;' ~ AH3ge/T,

or
Afef + R In PrY = —AHjey/T.
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This equation can be used in two independent ways.
The first is to plot the left-hand side vs T-! and
determine the slope. One AHjg, value results from a
least slope determinction for a given data set.
This slope is a best-fit measure of AHyqe if the
divTe, ences veilween Lhe rel vaiues:

Hy - K

fef = _TT_LSL_ - S},
1 7 T

= - [cp°dT - [ Cp*/T dT -S;
T 298 0

are known with sufficient accuracy over the
temperature interval of the measurements. This
result depends only on the Oth, 1st and 2™ laws of
thermodynamics, i.e., only entropy differences, and
not absolute entropies entar into the calculation.
The second way to obtain AH},, values fruw tne
equation under discussion is to use values for
Afef, which typically depend upon the validity of
the third law (}ilg AS* = 0), P,y and T and

calculate a different AH;45 value for each measured
T, Py pair.

It should be remarked that Cp data for all
reactants and products between O K and T > 1500°K
are seldom available and therefore estimations are
usually required in order to do the calculations.
However, heat capacity data are frequently well
known for vapor species from spectroscopic
measurements, and the estimation of heat capacities
of solids is a thoroughly considered problem and
fairly good estimates of the uncertainties involved
are available.

The two methods of data reduction, called the
second-law and third-law methods, provide two
methods for checking for significant temperature
measurement errors. First, the AHjg, values
obtained by the third-law method are checked for
systematic variation over the temperature ranges.
The AH3qs values should all be the same within
acceptable uncertainty, and variation outside of
magnitudes that could result from inaccurate
estimates in fef's is indicative of temperature
measurement or gradient error. The second check is
accomplished by comparing the average third-law
value with the single second-law value for AH3g. A
significant disparity between these values fis
indicative of temperature measurement errors.

§. - Results for Mo-Al

One of our early studies was of the Mo-Al
system (Shilo and Franzen 1982) and the quality of
the results s typical of our studies by CASMLMS.
Fig. 3 shows aluminum pressure isotherms, Fig. 4

shows a second-law plot of 1n P,; vs T-1 for the
Mo,Al,Mo,A1 vaporization and Fig. 5 shows a plot
indicating the proportionality between the
pressures derived from mass-loss and mass-
spectrometrically obtained data. Table 1 lists the
enthalpies of formation of the Mo-rich
intermetallics as determined in this work. Fig. 6
shows the phase diagram reported for the Mo-Al
system together with some points determined from
the breaks in our isotherms. Note that our phase
boundaries were determined at temperature, and that
MoAl, for which data were obtained, is unstable
with respect to disproportionation below 1740°K.
These results illustrate the power of the effusion
method to de.ermine chemical 'nformation at
temperature and in a highly reducing environment.

.- Symmar nthalpies of vapor n
for ition- ] alumini

The second column of Table 2 list: the
enthalpies of atomization per gram atom, i.e., AHjy
for the reaction

1 1 X
— TAl,(s) = — T(g) + — Al{(q)
14x 1+x 14x

where T is Zr (Kematick and Franzen 1984), Nb
(Shilo et al. 1982), Mo (Shilo and Franzen 1982)
or Ta (Schmidt and Franzen 1986) and the x values
are those for which we were able to make an
enthalpy determination. The AH;, i3 values for the
transition metals were obtained from the Atomic
Energy Review (for ZIr, No. 6 (Alcock, et al.
1976), for Nb, No. 2 (Lavrentev and Gerassimov
1968), for Mo, No. 7 (Brewer and Lamoreaux 1980))
and for Ta the JANAF tables (Chase 1985), and that
for Al was taken from (Hultgren, et al. 1973). It
is found that in each system these cohesive or bond
energies can be fit to a two parameter equation

My (AW

m n
(m +n) nT+;)A+(m-+_n) B,

where the A and B values determined by least
squares are given in Table 3. The values given in
column 3 of Table 2 are those calculated using the
values of Table 3. Column 4 of Table 2 lists the
difference between the calculated and observed
quantities.

The fit between calculated and observed
values of enthalpies of vaporization or cohesive
energies shown by the data of Table 2 suggests the
following fnterpretation: When an intermetallic
compound forms it does so in such 2 way as to
realize a maximum bond energy. For exas.le, in the
case of the aluminides of zirconium (Kematick and
Franzen 1984), Ir brings to the intermetallic




compounds the capacity to form bonds yielding 154.3
kcal per g atom and Al brings the capacity to yield
88.5 kcal. The observed stoichiometries and
structures are those that provide the framework
within which the elements can realize this bonding
potontial 4o within about ) “cal per g atom. If
this potential is not realized in a hypothetical
compound, then that compound will be unstable with
respect to disproportionation, and will not be
observed. This interpretation is supported not
only by the data of Table 2 and similar data for
other systems (Schmidt 1986), but also by the well
known fact that enthalpy changes accompanying
solid-state phase transitions are very much :maller
than the vaporization enthalpies of the compounds,
i.e., changes in structure occur between phases for
which bond energies are very nearly the same.

7. - High-temperature X-ray diffraction {HTXRD)

In the last several years we have been using
a high-temperature X-ray diffractometer capable of
providing X-ray diffraction patterns for samples at
temperaturesz .p to 2000°C to examine heterogeneous
behavior in far greater detail than has been
possible using the Knudsen technique alone. For
example, Fig. 7 shows the diffractometer patterns
for Ta—Ru samples at room temperature, 1000 K, 1173
K and 1433 K showing the consecutive cubic —>
tetragonal and tetragonal —--> orthorhombic
transitions. Fig. 8 shows the phase diagram
inferred from the diffraction study.

8. - The Lu-S system

An interesting example of the complementary
uses of Knudsen effusion and HTXRD was provided by
an investigation of the Lu-S system. Some years
ago (Franzen and Hariharan 1979) we found that
Lug ;55 vaporizes congruently and reported
(Hariharan et al. 1981) an unusual partially
ordered superstructure of NaCl-type for Lu,S,. Now,
by virtue of HTXRD studies, we have a somewhat
different view of the system. The key experiment
was the formation of a sample by the decompocition
of Lu,S; with the a-Al,0,-type structure by
vaporization from a W Knudsen cell, and further
examination of this sample by HTXRD. We found: 1.
that the sample obtained by decomposition of Lu,S,,
which we call Lu,,S,, no longer has the a-Al,0,
structure, but has a powder pattern identical to
that of the Lu, ,;S sample obtained in prior
studies, 2. that this Lu,,S,; transforms to NaCl-
type at high temperatures (above about 1200°C), and
3. the intensities of the Lu,,,S, powder pattern are
not fit well by a calculation based upon the Lu,S,
structure, we reported previously. A Rietveld
full-profile refinement of the powder diffraction
data for room-temperature Lu,,S, showed that it has
the Sc,S;-type structure (Dismukes 1964) a vacancy
ordered superstructure of NaCl-type.
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A phase diagram that summarizes these
findings is shown in Fig. 9. The congruently
vaporizing phase is Luy ;S with the defect NaCl-
type (random vacancies) structure. When cooled to
a sufficiently low temperature the Sc,S;-type phase
precipitates out of the random solid solution (this
is a first-order, order-disorder process). This
behavior was difficult to discern in part because
the strong reflections from both the NaCl-type and
the Sc,S,-type phases overlap and are separated only
by maximum resolution (Guinier) and then only for
some S/Lu ratios. The HTXRD experiment showed that
Lu,,,S; with the Sc,5;-type structure transforms to
NaCl-type at high-temperature, and thus that a
supposed congruently vaporizing Lu;S, does not
intervene between the NaCl-type and the Sc,S;-type
phase.  The phase to which the Lu,S, structure
corresponds remains to be explained. It seems
Tikely, perhaps even necessary, that this structure
does not correspond to an equilibrium phase. There
were many twinned crystals found in the search for
a single crystal of Lu;S,, and the final structure
(Hariharan et al. 1981) obtained for Lu,S, is a
highly unusual partially ordered structure. It is
therefore, probable that the structure was
determined from a crystal, perhaps one of many
different such crystals, within which the ordering
from Nall-type to Sc,S;-type was incomplete when the
sample was quenched to room temperature.

9. - Conclusions

The CASMLMS technique for the study of high-
temperature chemical behavior and the determination
of enthalpy changes for reactions at high
temperatures was described. The conditions that
must be met in order that a Knudsen effusion study
can produce meaningful thermodynamic results, and
the methodology for considering these conditions in
the case of the CASMLMS technique were reviewed.
It was shown that the transition-metal aluminides
provide nearly ideal examples for study by this
technique. The results of four such studies were
used to demonstrate a “chemical-bonding™ inter-
pretation for the formation of intermetallic
compounds. The HTXRD technique, especially in
combination with Knudsen effusion, was shown to
provide a uniquely powerful method for analyzing
heterogeneous behavior at high-temperature.
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Table 1
AH (kcal/mol) per gram atom
Compound 2nd Law 37 Law
Mo,Al, -11.2 (3) -9.4 (1)
MoAl —6.6 (4) -7.5 (2)
Mo,Al 6.6 (5) -5.1 (1)
Table 2
8H;,, (kJ/g atm)

Obs Calc
IrAl, 104.7 105.2 +0.5
ZrAl, 111.3 110.7 0.4
Ir,Al, 115.8 115.0 -0.8
IrAl 121.9 121.6 -0.3
IrAl, 125.2 125.2 -—_
IrAl, 127.4 128.1 +0.7
IrAl, 128.6 129.8 +1.2
NbA1, 134.8 134.9 +0.1
Nb,Al 166.2 164.3 -1.9
Nb,Al 168.2 170.2 +2.0
Mo,Al, 111.3 111.1 -0.2
MoAl 124.6 128.6 +1.0
Mo,Al 144.3 142.6 -1.7
TaAl, 111.5 111.2 -0.3
Ta,Al, 126.4 126.3 -0.1
Ta,Al 153.4 153.3 -0.1
Ta,Al 162.0 161.7 -0.3
Ta, Al 167.3 166.8 -0.5

Enthalpies of vaporization (atomization)

as determined by CASMLMS

Table 3

A(kcal) B(kcal)
Ir-Al 154.3 88.5
Nb-Al 187.7 117.2
Mo-Al 159.1 93.0
Ta-Al 187.0 85.9
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Abstract. -

Three alternative simple procedures for the Gibbs—Duhem integration have been preseuted
for di-gaseous quaternary systems in order to calculate unknown activities of two comrp.onents from
known activities of the other two components. Extension to k—gaseous (k+2)—component systems
has also been given, here b is any positive integer. Each one only requires one set of integration and
oue et of differcntiation for a homogeneous phase. The differentiation can be omitted when one of
them is applied to a multiphase and its boundary. The results have been extended to k —gascons

c—component systems with ¢ > &k + 2.

1. — Introduction

Asis well known. if the activiry of one component has ex-
peritentally been known in a ternary or multicomponent sys-
terr, activities of all other components in the system could be
calenlated by using one of the procedures of the Gibbs-Duhem
mtegration proposed by Darken {1950). Wagner (1952), Schuh-
mann (1953}, Gokecen (1960). Arita and St. Pierre (1977).
Chon (1978). Korpachev et al. (1979). Wang (1981) as well
as Wang and Chou (1984). respectively.

If there exist two or more volatile components in the
systems. however. activities of all these volatile components
could be nieasured simultaneously. for example, by using isopi-
estic method. Knndsen effusion method or chemical equilib-
rinm method. It is therefore required to present new forms
of the Gibbs-Duhem integration to calculate the unknown ac-
tivities of the involatile components in the svstems from the
known activities of the two or more components.

Nagamori and Yazawa (1988) first presented such an
procedure of the Gibbs Duhem integration for quaternary
systems involving two volatile components and two involatile
components. As pointed out by them, however, their equa-
tions are very complex. The unknown activity of the third
romponent in a quaternary system 1 — 2 — 3 — 4, for example,
should be caleulated by the following equation:

nay = {lnay),, =
7a yr, dr, dlnp,
+ PR A . . dr
/o (1 —ry - .rz)z( Jdy Jpanl or, oy dra
/" —yll —ry) 01711’2) Ir
. ol
Jo {1~y —x)? Oy 3 O02
72 —r, dinp,
; T g, L
+ [) T “( P, )y.py dT2

{(y = const. and p; = const.) {1

from known activities of the first and second componeuts and
from the known initial condition of the 1-3-4 ternary subsys-
tem, using three sets of differentiation and three sets of inte-
gration, according to eqns. {33} {37) n the reference: where
Iy, I, Iy ry and @y, az, az. ag are atomic (or mole) fractions
and activities of components 1, 2. 3 and 4 in the quaternary
system. respectively; p1 and p; are partial pressures of the
components 1 and 2, respectively; and y is a composition ra-
tio defined by
y= 4 (2
I3+ ry
Notice that the symbols r and y here have different mean-
ing from those defined by Nagamori and Yazawa (19838). The
purpose of this paper is to simplify the procedure mentioned
above and to extend the results to k-gaseous (k+2)-component
systems and k-gaseous c-component systems, here ¢ > b + 2
and k refers to any positive integer.

2. — Three alternative simple procedures for
quaternary systems -

Let g1y, g2, g3 and py be the chemical potentials of the
components 1, 2, 3 and 4. respectively, in the 1 -2-3—4 qua-
ternary system, let G be the molar Gibbs frec cnergy of the
system and let the superscript E refer to excess functions.
Basic thermodynamic equations for the quaternary system
may be

GF = .r;;tf + z1f + rapf + 2ok, (3)
dG¥ = ;tf:d.n + 115;(1.172 + pfdry + pfd.u (4)

and
rdpf +orpduf 4 radpf 4 2 diF =0 (3)




2.1. — Procedure A.

From eqn. (3)

GE b 4 gk
A = = 2 11—y + gk (6
(A1) P P (1= y)py +ypy. (6

Differentiating eqn. (6) and comparing the results with eqn.
(3). we have

dlAy) = pEd—" (BT (WF — By, (T)

£33 R I3+ .y

which yields

:3‘#:. E Iy
{4 = ) n=o +/0 a dI;s + Iy
(y = const. and = const.), (%)
7 I3+ Iy
(A = (A +/_L g2t
b - “Hat =0 o Ha Rt o o
ty-= const. and = const.) (9)
I3+ Iy
and (A0
Eo_E (AT, 10
Hy 1y { dy )x_ﬁlﬁr‘ﬂzﬂ (1)
Since 1
Iy T2
] = ~(1 + dr
’J'.1+.l‘,| (1—11)2( II{+I4) '

at the condition of y=const. and r2/(x3 + ry4)=const. as well

as .
T Iy
1 = 1+ dx
I~I‘:x+f4 (1—12)2( I:s+1'4) :

at the condition of y=const. and r{/(r3 + r4)=const.. eqns.
(8) and (9) can. respectively. be rewritten as

<.-l(7)) GFE e /:,
- = (6= iz
1+ rp/(ry+ x4) - (G )ry=0 + A aydr
= const. and = const.) (11)
(y = cons o ) (
and
(A GE " /”
’ = = (" J 1
Lt oy f(zy+ 14) 1 - 1o (G )ry=0 + | iz

(y = const. and = const.)., (12)

I3+ 1y

where v is a known function defined by

E F
L He (13)
{1 - .ry)*

and = —
wnd o« 1-1)

by

Multiplying equ. (10) by y and combining the results with
equ. (6). we have

0('(,4,7))11!J B .I‘][l.f‘l"}‘l‘gjlg

ol ; 14)
s { a1/ EEyNsTear I3+ ry (
From equs. (10) and (14)
. {0[(‘ w/a=-wb _fllff"+-f'zl‘f"_ (15)
He = 0[1/(] — (/)] IR TREERAY] Iy 4+ Iy
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Figure 1. Integration and differentiation paths for the procedure A
in a quaternary system 1-2-3-4. a, integration path for equ. (11). b.
integration path for eqn. (12) and c. differentiation path for eqns.
(14) and (15).
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Figure 2. Relation between partial molar quantities and (4;,,).

, - E+ E . - £ r LE
(Bigpor {Cgy). MP = /‘-";“”nur;;:u and NQ = /‘§'+n“mir:‘
when FOF denotes (A(q)) against y at constant z;/(r3+ r4) and

r2f(ey 4 24); MP =p§ + RTIn(za + x4) and NQ = yif
+ RTIn{r3+z4) when EQF denotes (By(,)) against y at constant a,

E4 RTz3(14in

: P = g 2t BT In sz )
and NQ = uf 4 2t BInlntmtnl] | jTin 2y +2,) when EOF
denotes (C'4)) against y at constant a; and z2/(z3 + 4).

and ay; aswellas M P = ;t§+
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Curves a and b in Fig. 1 illustrate the alternative integration
paths expressed, respectively, in eqns. (11) and (12), while
the curve ¢, the differentiation path expressed in both eqns.
(14) and (15). After (A(;) has been calculated in terms of
either eqn. (11) or (12), both p¥ and uf may be calculated
at the same time in terms of eqns. (14) and (15) along the
curves of z,/(x3 + z4)=const. and z,/(z3 + z4)=const. as
illustrated in Fig. 2. Only one set of integration and one set
of differentiation is required.
From eqn. (10)

i .
'/0 (l‘-iE - ,U.g )dy = (<A(q)>)l-2-4 terngry — ((A{q)>)l—2—3 ternary

Iy
= const. and = const.).
I3+ 24 Z3+ 4
(16)
Similarly.
1 ;
E_Eyg T _ 4
/(; (/‘z Ky ) z) + 2 (( (q}))l—3—4 ternary
- ((‘4(q}>)2-3—4 ternary
“ = const. and = const.). (17)
I+ r + I,

Equations (16) and (17) can, respectively, be used for check-
ing the thermodynamic consistency between the data of the
quaternary system and its binary and ternary subsystems.

2.2. —~ Procedure B.

Equation (6) can be rewritten as

G — 2 uf — 2ouf
= Tl
{Biay) s + Iy + RTIn(z3 + z4)
= (1—yus +yuf + RTIn(zs + 14). (18)

Differentiating eqn. (18) and comparing the results with eqn.
(5), we have

I1 T2 E _E
d(Byy) = 'RTrs T hdlna, —RTI3 n I4dlm12+(y,, —u3 )dy
(19)
since
I z
din(rs + z4) = —~Ig _:L‘ dinz, — = :r4d1n.t2‘
Equation (19) vields
a1 1‘1/(11
(Bioy) = ({(Big}))ar=0 — RT[] mdal
(y = const. and ay = const.), (20)
RT [* 22l% g
(Bigy) = ((Bia}))az=0 — /0 m a2
(y = const. and a, = const.) (21)
and
Biq)
£ E {a} . 22
Hy — H3 { Ay }ar. (22)

Multiplying eqn. (22) by y and combining the results with
eqn. (18), we have

g _ (2Bw)/y)
? a(1/y)
From eqns. (22) and (23)

E _ {6[(B(q))/(1 - y)]}
¢ a1/(1 - y)]

Curves a and b in Fig. 3 illustrate the alternative integration
paths expressed respectively in eqns. (20) and (21) and the
curve ¢, the differentiation path for both eqns. (23) and (24).
Therefore, after (By,;) has been calculated in terms of either
eqn. (20) or (21), both uf and u¥ may be calculated at the
same time in terms of eqns. (23) and (24) along the curves
of aj=const. and ay=const. as illustrated in Fig. 2. The
procedure also involves one set of integration and one set of
differentiation.

Yar.as — RTIn(z3 + z,). (23)

ep.az RTITI(I:; + 1'4). (24)

2.3. — Procedure C.

Equation (6) can also be rewritten as

GE — 2,uF + RTzo{1 + In(z3 + z4))

(Cp) = P + RTin(z3 + 14)
E
Talg E E RTIzll + Iﬂ(I3+ 24)]
= —— 1 -
73 + 24 +(1 - yug +ypus + 23+ 74
+ RTIn(z3 + z4). (25)

Differentiating eqn. (25) and comparing the results with eqn.
(8), we have

) E z5
= - I
d{Ciq1) RTrs ~ “d nay + {pg + RTIn(z3 + z.,)}dz3 +1'4
+ (4§ — p3)dy (26)
since

3

Figure 3. Integration and differentiation paths for the procedure
B in a quaternary system 1-2-3-4: g, integration path for eqn. (20),
b, integration path for eqn. (21) and ¢, differentiation path for eqns.
(23) and (24).
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d(l —z)in(zz+zy)  1-

o1 dln(:rg +z4) +In(z; +z4)d

T3+ Z4 Tz3+ + Z4
and
1- dln(;t ) =——2dl d—=2
= - nry — .
3+ s * T3+ T4 ! T3+ T4

Equation (26) yields

{Ciy) = ({Ci)ar=o = RT/OM Zifa da,

T3+ x4
z2
= t. = .
(y = const. and Ta+ T, const.), (27)
{Ciop) = ({CigpNme=o + /’"" {#7 + RTin(z3 + z-s)}dz3+ -
(y = const. and a; = const.) (28)
and (C
W - = (T, (29)
=s+34

Multiplying eqn. (29) by y and combining the results with
eqn. (25), we have

u o= QUCwlydy | zug
3 A{1/y} vEIN a4z,
RTz;(1 + In(z3 + z4))

- RTITl(Ia + 1‘4)

I3+ 74 (30)

From eqns. (29) and (30)

e 0{C)/(1-y)} zauf
ST N R
RT‘TZ[I + ln(::i + I4)] (31)
I3+ Iy )
1
2
4

3

Figure 4. Integration and differentiation paths for the procedure
Cin a quaternary system 1-2-3-4: a, integration path for eqn. (27),
b, integration path for eqn. (28) and ¢, differentiation path for eqns.
(30) and (31).

Curves a and b in Fig. 4 illustrate the alternative integration
paths expressed, respectively, in eqns. (27) and (28) and the
curve ¢, the differentiation path for both eqns. (30) and (31).
Therefore, after (C{,) has been calculated in terms of either
eqn. (27) or (28), both u¥ and p¥ may also be calculated
at the same time in terms of eqns. (30) and (31) along the
curves of a;=const. and r3/(«3 + z4)=const. as illustrated in
Fig. 2. The procedure also only involves one set of integra-
tion and one set of differentiation.

3. — Activities in_multiphase re,'ons-

The three procedures mentioned above can be applied
to both homogeneous phases and multiphases. When applied
to multiphase regions, the procedure B may further be sim-
plified. In such a case, eqns. (23) and (24) can, respectively,
be rewritten as

3{((B¢o}) + RT[(1 — y)inzs + yinzy — In(z3 + 24)])/v},

RTlnay = STi7s] jarane (32}
RTin 3(((5(«» + RT[(1 - y)inzs + yinzy — in(z3 + z)})/(1 - v)}
= ERVIETY))
(33)

Since every tie-line in any multiphase region and at its bound-
ary is a common isoactivity line for all the four components,
{(B(py) + RT{(1 — y)inzs + ylnza — In(z3 + z4)]} against y
corresponding to every tie-line should be a straight line. The
intercepts of its extension should be equal to RTIna; at the
axis of y = 0 and RTlnay at the axis of y = 1. The differen-
tiation calculation can therefore be omitted and only one set
of integration is required.

4. — Extension to k — gaseous (k + 2) — component
systems—

In this section we discuss how to calculate unknown ac-
tivities of both (k + 1)—th and (k + 2)—th components from
known activities of other k components in (k+2)—component
systems.

Let ¢t be a composition ratio defined by:

f= — k42 (34)
Ti41 + Thy2
Extending eqns. (6) and (7) to k—gaseous (k+2)—component
systems, we have

GF i Ii#'E E E
A = = P+ (1t +¢ ,
(Aksy) T I Tt e (1 — )iy + tuiss
(35)
=V uBg— T (B B b
d(Akszy) Eu do— + (s — )t (39)
where 7 € {1,2, - -, k}. Equation (36) yields
(Arazy) G*® E =
= =(G"®)z,=0 + adz;
L+ T io /(Thar + Tiga)  1— gy (G™)em0 /0
(t =const. and all — = const.) (37)
Zi41 + Ths2
and 3(.4 \
(k+2) .
l‘kE+2 - #E-u =(—3")an m (38)

where i* € {1,2,--+,k} but i* ;é i. From egns. (35) and (38)
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E _ 0((A(k+2})/t) D z-‘l‘.‘E
By = {———O(l/t) Yan e PR (39)
e _ O{A4ken))/(Q - 1) Tizipf
Hers = {_m}nﬂ ot = (40)

kgl +‘k+2 Trs1 + k42
Therefore, the whole calculation only involves one set of in-
tegration along the curves of t=const. and all z;/(z44; +
Tkyz)=const. and one set of differentiation along the curves
of all z,/(zi41 + Tiky2)=const.

Extending eqns. (18) and (19) to k—gaseous (k + 2)—
component systems, we have

GE - Zi It/-‘xE
Tke1 + Thy2
(1- t)l‘fﬂ + tl‘kE+2 + RTIn(Tiy; + Ty2), (41)

(B{k+‘l}) + RTIn(zk“ + l'k+2)

d{B{xs2y) = _RTZ P + Ths dlna' + (/-‘k+2 l‘kE+1)dt-
(42)
Equrtion (42) yields
a, I.-/a-
B = {(B ay=0 — / —————da;
( (k+2}) {( {k+2))} v=0 — RT o Thrt + Trec a
(t =const. and all a;» = const.), (43)
o(B
/‘E+2 - f‘kE+1 = (i—é‘?ﬁ)au a,- (44)

From eqns. (41) and (44)

g _ M{Bu+z))/t}
Beg = (W)au a

E O{(Bisay) /(1 — 1)}
Hry2 = ( 6{1/(1 — t)} Jait a
Therefore, the whole calculation only involves one set of inte-

gration along the curves of t=const. and all q;.=const. and
one set of differentiation along the curves of all a;=const.

— RTIn(zx41 + Zi42),  (49)

= RTIn(T41+Tes2). (46)

Extending eqns. (25) and (26) to k—gaseous (k + 2)—
component systems, we have

GE ~ 3 2,0 4 RT(1 + In(zhqn + za42)] s 2

Zksy + Thi2
RTIn(ziq1 + Tiy2)

(L-tuf, + tﬂfn + RTIn(zipr + zi42)

Tizuf + RT[L + In(zr41 + za42)) T 7
Thyy + Tiy2 Livi ¥ Thy2

{Claazy)

+

v (47)

Z

-RT

dina;

d{Crr2y) —-————nﬂ ey

}:{u, + RTIn(zxys + 2k42) }d

-+

Tity + Ty

+

(842 ~ uEy,)dt (48)

where } € {1,2,--- h < k}andl € {h+1,h+2, -k}

Equation (48) yrelds

a, z;/a;
C = C, -0 — T da. t = 5.
{ (k+2)) (( (t+2)))n, 0 /o T F2ina a; ( cons
Iy
all ajo = const. and all ———— = const.), (49
! B Thyl + Thyo ) ( )

(Cixs2y) = ({Cras)))z=0

/"{ E 4 RTIn(zis1 + Taga)}dlin—2!
- n(z S .
0 H k k2 Thy1 + Tkt

(t = const. all a; = const. and

all — = — const.) (50)

Tky1 + Tkt
and a(c y
k
vz — B = (—‘——ét“) Jatt ay, ot 23 (51)
R 2 RAd TH

where j* € {1,2,-- - h <k} but j*#jand "€ {h+1,h +
vk} but I* # I. From eqns. (47) and (51)

O{(Cxany) [t}
o{1/t}

- RT’H(IIH.l <+ .'L'}H.z) -

E
Frkyr = ( Jau ay, all

— ..
TS RE T

Tiziuf
Tray + Tiy2
RT(1 + In(ze41 + z642)] 11

Tker + Thy2

M(Cu+y)/(1 — 1)}
a{1/(1 -t)}

- RT‘n(ik+1 + Ik+2) -

E
Bigr = Yalt a,, att

[ S
Sxp1¥Feq2
Tizwf
Tr41 + Tiy2
_ RT[1 + In(zx41 + Th42)] i 1 (53)

Trpr + Tig2

Therefore, the whole calculation only involves one set of in-
tegration along either the curves of t=const., all a;.=const.,
and all z;/(Tk4+1 + Tis2)=const. or the curves of t=const.,
all a;=const., and all z;+/(zk41 + Tr42)=const.; and one set
of differentiation along the curves of all a;=const. and all
x1/(Tk41 + Th42)=const.

5. — Discussion-

For k—gaseous ¢c— component systems where activities
of the k components have been known, the procedure A yields

GE Zi zil‘iE + Zm Z'm‘lﬁ

A = =
{ =) i1 + Tes2 Thr + The2

+(1—')ﬂkE+1 ‘HI‘E+2
(54)
{(A) G*
T4 30 2o/ (Thrs + The2) + Lom T/ (Tht1 + The2) | 1 —
= 2, = dr;
(GE)z =0 +/0 a;dr

(t = const., all — 2% — const. and
Tiy1 + Tha2
all — I = const.), (55)
Thpr + Ty
0{An)
E (Al :, g 56
Hm ( th+l:+.‘th+2 )t olt kg1t Tag’ all ETWer Trevid ( )
(A /t)

k+l { 6(1/t) }a" —-l-—g'“l:““ all ——L—““",Nﬂ

_ Zc Ii”iE + Em :m’"ft
The1 + Tk

(57)

and




WE . = {3[(A(c})/(1 —t)]} . n
k+2 a[1/(1 -t)] W arrne ! antha
_Lizipf + T Iml‘f.; (58)
Tiyt + Thy2

where i,:* € {1,2,-- -k} but i" # i and m,m” € {k+ 3,k +

4,--.c} but m* # m; the procedure B yields

GE - ¥ xipf
Tit1 + Tht2

+ RT[1+In(ziy + Ths2)]

{(Biep)

]

+ RTIn( 441 + Tiyz)
P Tm

Tht1 + Try2
= (1= i + tugys + RTIn(Ze1 + Tiy2)

m Tm
+ RT 4 In(zpy, + IHZ)]—Z———
Tr4r + Thy2
E
+ _‘t_"‘”."‘_, (59)
m Tkt1 + Thy2
(Bi) = (BioDumo— [ —21% g,
{c} {c}})a,=0 o Tret T Trez 1
(t = const., all a;» = const. and
all —=7 = const.), (60)
T4t + Thy2
I(By.
b + RTIn(zi41 + Ziga) = (_<‘z(—”‘ m}>), all ay, all —— X"
Test+oatz v Tht1tTre2
(61)
H(By)/)
Hen = (W)au au, all oA RTIn(zx41 + 2k42)
E
- RT[1 4 In(zesr + The2)] TmIm _ Tom Tmbi 62

Tiat + Tht2  Thay + Tk

and
O{(B3)/(1 -t}

a0 -n)
~ RTIn(re4 + The2)

E
iz Jati a,, all ;:’iggm
T
- RT[I + Ifl(.l'lu.[ + 1k+2)]'é‘_m—
Tt + Tht2
Zvn Im#ﬁ

(63)
Tiy1 + Tht2

and the procedure C yields

GE - Z] IJ#F

C =
(Car) Tiet + Thy2

+ RTIn(ziqy + Tiy2)
)] Zl z; + Zm Im

Tt + The2
Tizipf + T zmpl
T4t + Thy2

+ RT[V+In(zesy + Ty

= (1-ypfo + b+

+ RTin(zi4y + Zry2)
ZIII + ZM Im

L RT[V 4 In(zepr + Tea2)] Toor t reos
+1 +

) (64)

it

{Ceep) (<C(t)))n,=0 —/0 ! _—Iljal—d(l}

(t = const.
Ths1 + Thyp2

Iy
Tk41 + Thy2

= const.), (65)

all @y« = const. all = const.

I
and all —"——
Thsr + Ths2

53

it E
(Ciey) = ((C{c)))x,=o—/o {pi + RTIn(zk41 + Zie2)}
Iy

dln———m— (t = const. all aj = const.

T4l t Tha2

Zie

all ——— = const.

Tel + Thy2

z
and all —~2—— = const.), (66)
Tttt Tiy2

£ C)
b+ RTIn(Te 414+ Ze42) = (5—=_):, all a,, all ‘_—H‘gﬁ,au ?-T’T?W

Tapr+Tas2

(67)
19 _ (3{(C(c})/t}) . e
Heer = 6{1/t} all a;, all e srwed all EToeE 7Yy
p E
- DMt T Inbn  prin(g,, + 200a)
Tip1 + Thy2
zl z + Zm Im
— RT{ +1 LT 2mTm 68)
RT(1 + In(zi4r + Tia2)] Tret T Zems (
and
{(Cia)/(1 — 1)}
uf+2 = (‘——C——)all a,, all ‘ku‘f’lw:' all -‘k“,?xu»z

o1/(1 - 1)}

E
_ Tt Emnbn _ prin, . zise)

Tkl + Ths2
Zl z+ Zm Im
— RT[1 41 S —

(1 + In(zis1 + Tas2)] T § T2

(69)

where j,7" € {1,2,--,h < k}but j* # j; I € {h+1,h+2,-
Lk}but " # L andm,m" € {k+3,k+4,---, ¢} but m* #m.
After (A(;y), (Bys) or {C{) has been calculated by one set
of integration and all uZ have been calculated by (¢ — k —2)
sets of differentiation, both uf,, and uE,, can be calculated
by one set of differentiation. Only one set of integration and
(c — k — 1) sets of differentiation are required for the whole
calculation.
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OXYGEN PARTIAL PRESSURE OF Y-Ba-Cu-0 FROM DIRECT MEASUREMENTS

F. Faupel and Th. Hehenkamp
Institut fur Metallphysik, Universitat Gottingen, 3400 Gottingen, FRG

Abstract

The oxygen partial pressure of YBaZCu30

6+ x

was measured directly as function of

temperature and composition under isochoric conditions with minimized free volume. Since
this technique does not require major diffusion of oxygen for equilibration it is applicable

down to T < 200 °C. Different from isobaric measurements the composition range near x = 1
is accessible. The partial enthalpy of oxygen AH(x) was derived from the data. A strong
decrease of AH(x) was found for x > 0.9. Based on pressure-composition isothermes the
thermodynamic factor was calculated. The l{atter drastically increases as x approaches 1. The
present investigation indicates that the stability of oxygen saturated YBaZCusob,x towards
oxygen desorption has largely been overestimated, particularly at low temperatures.

L - 'atroduction

The oxygen content of YBa,Cu 0, can be reversibly
changed in the range 0 < x < « (Hazen et al. 1987). The
superconducting properties of the material strongly
depend on the composition. Highest T  values are obtained
near x = | (Engler et al. 1987). Therefore knowledge of
the O, partial pressure as function of temperature and
composition is indispensable.

Usually measurements are carried out at constant
oxygen pressure. and the composition is recorded as
function of temperature, e.g. by means of thermogravime-
try (Gallagher 1987, Musbah and Chang 1989). These
measurements require long range diffusion of oxygen for
equilibration and are. therefore, restricted to relatively
high temperatures. In addition. the most interesting
concencration range near x = ! is not accessible.

In the present paper we report poz(x, T) values,
which have been obtained from direct measurements
under isochoric conditions with minimized free volume.
This technique (Faupel et al. 1989) avoids the afore-
mentioned drawbacks of the isobaric measurements. The
partial enthalpy of oxygen as well as the thermodynamic
factor. which affects chemical diffusion of oxygen, are
determined from the data.

2. - Experimental Procedure

Y-Ba-Cu-0 powder of 99 % purity and T, = 92 K
was kindly provided by Hoechst company. In addition,
t-2-3 material was prepared by solid state reaction from
BaCu0, and Y,Cu,0; as described by Chunlin et al.
(1988). Oxygen saturation was obtained by an annealing
program in flowing 0, which involves a final ramp
between 400 and 300 °C for 50 h. ihe samples exhibited
a Tc of 92 K {midpoint) with a sharp transition range in
resistivity of = 3 K and excellent susceptibility values.
X-ray measurements showed the Y-Ba-Cu-0 to be ortho-
rhombic and single phase. DTA measurements revealed

the presence of about 1 % of impurity phases (Faupel et
al. 1990). No significant differences in the oxygen partial
pressures were observed between this powder and the
Hoechst material.

For the pressure measurements an Al,0; crucible
with Y-Ba-Cu-0 powder was placed within a furnace in a
vacuum pumped quartz tube with minimized free volume.
Pressure was monitored outside the furnace by a piezo-
resistive gauge. The inner dimensions of the quartz
tubing were large enough to achieve a constant pressure
in the whole volume in the pressure range investigated.
The quartz tube could optionally be connected by a
throttle to a quadrupole mass spectrometer chamber in
order to analyze the gas phase (Faupel et al. 1989).
Substantial amounts of water were detected in most
samples. They were stored in dry atmosphere, though.
Therefore, the water was removed by evacuation, and the
final oxygen loading was carried out directly in the
set-up for pressure measurements. Additionally, remaining
traces of H,0 were trapped by a Peltier cooling unit. A
computer was used for data acquisition and for increasing
the temperature by steps of typically 35 °C. The pressure
was allowed to equilibrate after each step. No major
diffusion of oxygen was required for equilibration because
of the extremely small free volume. Typical changes in
composition caused by oxygen evolution were of the
order of Ax = 0.01 at 1 bar 02. Ax was calculated by
means of the ideal gas law from the amount of powder
(7 g), the pressure, and the free volume. The latter was
essentially given by a dead vclume of about | ml within
the furnace around the AI203 crucible and a dead volume
of > 1.5 ml at room temperature. The equilibrium pressure
of the samples was generally reached in less than 30
min, while much longer periods are needed even at high
temperatures for any technique involving major changes
in composition (Faupel et al 1989).

The oxygen concentration of the samples was deter-
mined by taking oxygen saturated YBa,Cu;0,,, as refer-
ence with x = 1. The oxygen content was reduced in a




well defined way by evolving a certain amount of 0, into
a large calibrated volume (66.6 ml). The ideal gas law
was employed to calculate the change in composition.

3. - Resul { Di .

An Arrhenius plot of log (pg,) vs. \/T is shown in
Fig. 1| for various values of x. Here x refers to the
original oxygen concentration. x slightly decreases with
increasing pressure due to the effect of the finite free
volume aliuded to above. This leads to a small curvature

—
1000 ]
5 x=1 ﬁ
Hel
E wol 3
£ b
10 | ]
" 1 " — 1
0.0014 0.0018

/T (K™)

Fig. 1: Semilog. plot of oxygen ca.*1al pressure vs. /T

for Y332Cu306 with various values of x. The curvatures

+x
at high pressure originate from the finite free volume

{see text).

at high pressures, which becomes larger near x = 1.
Straight lines were fitted to the data in the linear range.
From the slopes 2 AH/ 2.303 k one obtains the partial
enthalpy of oxygen AH(N). It is depicted in Fig. 2 as
function of composition.

AH(x) varies moderately except near x = | where a
drastic decrease is observed. This drop of AH(x) close to
the oxygen saturation content reflects a pronounced loss
in stability towards oxygen desorption. Further measure-
ments are needed in order to clarify whether the change
in AHIx) for x < 0.5 is caused by the orthorhombic-to-
tetragonal transformation. The experimental errors of
AH(x) are conservatively estimated as < +/- 0.08 eV.
Literature data on the partial enthalpy of oxygen are not
available in this technologically most important range.
To our knowledge. AH(x) has been determined for x s
0.9 only (Strobel et al 1987, Brabers et al. 1988, Verweij
et al. 1989, Meuffels et al. 1989). Values are centered
around 0.8 eV, but also enthalpies as high as 115 eV
have been reported (Gallagher 1987). Most authors find a
slight increase in AH(x) with increasing x.

The data of Fig. | were used to calculate isothermal
pressure-composition lines (Fig. 3). The change in oxygen
concentration due to the dead volume was taken into
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account. At high temperatures and for x < 0.8 the slope
of the log (poz) vs. x lines is nearly constant. A strong
increase is observed as x approaches 1, particularly at
low temperatures.

1.0 . —_—
0.8 | -
o (o)
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i
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Fig. 2: Partial enthalpy for oxygen of Y832Cu300‘x as
function of x.
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Fig. 3: Pressure-composition isotherms of YBaZCua()o

between 600 and 1100 K.

*x

The driving force in a chemical diffusion experiment
is the gradient in the chemical potential, and not in the
concentration. Hence, any concentration dependence of
the oxygen pressure gives rise to an enhancement of the
intrinsic diffusion coefficient according to (Manning
1968)

. «dinag _ p ! (1)
dInN 2din N

D* is the oxygen tracer diffusivity and N the molar

fraction of oxygen. The activity a, is related to the

partial pressure:
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- Po, 172
{ T)

ag = (2)
Po,

p%z is the reference pressure. The right-hand side of
equation (1) was obtained from equation (2). It allows to
calculate the thermodynamic factor @5 = d Inag/ d InN
from the data shown in Fig. 3. The results are depicted
in Fig. +. On notes that @, does not significantly depend
on temperature and composition for x < 0.8. In this
range O, already causes a strong enhancement of the
order of 100. As x approaches 1, @, increases drastically,
particularly at low temperatures.

800 T v T v T v T . T

0 600 K
600 L O 700 0o
X 800
o 100 F A 900 -
<7 1000 :

O
200 O 1100 8 .

v o & ‘@‘QQXX

i}
0.2 0.4 0 A 0.8 1.0

Fig. 4+ Thermodynamic factor ®go of YBa,Cu,0 vs.

oxygen content x for various temperatures.

g summary, it has been shown that in chemical
diffusion experiments the diffusivity of oxygen can
exceed the oxygen tracer diffusion coefficient by several
orders of magnitude in the nearly saturated YBa,Cu,0,,
superconductor. In addition, a steep drop of the partial
enthalpy for oxygen is observed in this range (Fig. 2).
Apparently., YBa,Cu;0,,, close to x = 1| is much more
prone to oxygen desorption at relatively low temperatures
than has generally been assumed.
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Abstract : Direct reaction calorimetry has been used to determine the enthalpies of formation of

Pt3Ti, PtTi, PtTis, Pt3Zr and PtZr;.

Results are given and compared to former literature values.

1 - Introduction

A systematic program of mecasurements was
started, some ten years ago, in our laboratory to
detcrmine the enthalpies of formation of compounds
made of a metal from the titanium column and a metal
from the fton group {Gaclion et al 1981). In addition
to the industrial interest for transition metal alloys,
such a program was motivated by the possibility to
build thcoretical models of transition metal and
transition alloy cohesion based on d band and d
electrons,

Our choice of components, with a d- electron
poor metal and a d-electron rich metal allowed us to
scan a wide range of d electron concentrations when
varying the stoichiometries of compounds.

2 - Experimental method

We mix, in suitable proportions, at room
temperature, finc powders of the two components, and
compress the mixture in order to get small pellets,
(typically 50 to 200 milligrams). These pellets are
dropped into the calorimeter crucible which is kept at
a tcmperature below the melting point of the
compound but high enough to ensure a quick diffusion
of both metals into each other. The most often we get
rcactions times of a few seconds. After cooling the
calorimeter we check the products by X-rays and
clectron microprobe. The whole process of
preparation and reaction is conducted under argon
atmosphere in order to avoid oxidation of the
transition metal powders.

From a thermodynamic point of view wc start
from one state : the two pure metals at room
temperature, and we go to another state : the
compound at the calorimeter temperature. The overall

quantity of heat which i< measured can be described as
the sum of the pure metal enthalpy increments between
room and calorimeter temperatures and of the enthalpy
of formation at the calorimeter temperature. As
enthalpy increments of pure metals are tabulated (e.g.
Barin et al, 1973, 1977) and checked in our
calorimeter, enthalpies of formation are found in a
very simple manner.

3 - Results and discussion

Table 1 gives all our experimental results and
compare them with literature data.

The first point to consider is the reliability of the
phase diagrams we used as a base for our study : for
PtTi two different ones are available :

- one from Kubaschewski et al (1983)

- one from Murray (1982)

There are disagreements between them on the
platinum side and in the range 53 to 73 % at. of
platinum. We selected for our study only the three
compounds that are not to badly defined : Tig.75Ptp.25
(Ti3Pt), Tio.s0Pto.s0 (TiPy), and Tig.25Pto.75 (TiPt3),
using stoichiometric proportions to avoid the problem
of ill-defined homogeneity ranges.

For Pt Zr one diagram is drawn in Elliott (1965)
after 2 work by Kendal et al, another from Darling ct
al (1970) is nearly the same except for solid sclubility
of zirconium in platinum. Both agree on three
different compounds Pto.75Zrg.25 (Pt3Zr),
Pto.50Zr0.50 (PZr), Pto.33Zrp.67 (PtZr2). Many other
compounds have been suggested but ncver well
Couruiacd. Eabslencd Of T, ssZig.o7 (PZr3) is
controversial, it could be stabiliscd by oxygen
(Kleykamp 1990). We studied Pto.75Zr0.25 (P13Zr)
and P1o.33Zrg.67 (PWZr2) since Pty 50Zrp 50 has alrcady




S

el ;)

been studied (Gachon, 1988).

In the system PtTi, from a crystallographic point
of view we found tha. Pty .75Tig.25 (P13Ti) has a
AuCu3 structure like indicated in Murray (1982),
while for Ptg 50Tio.s0 (PtTi) we got a mixture of CsCl
and orthorhombic structures. Murray (1982) reported
an allotropic transformation for Pty 50Tig.50 (PtTi)
with a high temperature CsCl form and an
orthorhombic low temperature form (< 1000°C), so
we think that our calorimetric result concerns the high
temperature phase and that during cooling of the
calorimeter a partial transformation into the low
temperature form occurred. The last compound
P1o.25Tio.75 (PtTi3) was found cubic (BW) but with
traces of another cubic phase, not reported in Murray

(1982) or Kubaschewski et al (1983), possibly a
metastable phase.

In the system PtZr we found Pto.75Zro.25
(Pt3Zr) hexagonal (Ni3Ti type), while for Ptg 33Zrg.67
(PtZr2), in addition to the fcc Ni Tip structure, traces
of another phase appeared and it could be
P10.375Zr0.625 (Pt3Zrs) as already proposed by Biswas
and Schubert (1967).

From a thermodynamic point of view our
values for 50/50 compounds can be compared to
former results by Topor and Kleppa (1989) and there
is a good agreement between them, within the
uncertainty ranges. For the platinum rich compounds,
Meschter and Worrel (1977) found, by derivation of

TABLE 1

EXPERIMENTAL RESULTS AND LITERATURE DATA

Pt Ti
Compounds Structure References 'T‘eTnpentu.re Enthllpies of formation
literature (X) J/mole of atoms
experiment Experiment literature®
Ptg.75Ti 9.25] AuCu3 Pt fec 1673 -94000 exp -85400 (MW)
(P13Ti) AuCuy Ti bee (0=4300) comp -70000 (Netal)
comp -78000 (CPH) 1§
Pt 50Tig.50 Pt fec 1673 -77100 exp -79700 <)
Pt T See discussion Ti bee exp -75000 (G) i
(6=3100) comp -112000 (N etal)
comp -104000 (WB)
comp -94000 (CPH)
Ptp.25Tig.75 cubic Pt fec 1473 -59000 comp -73000 (Netal)
(PtTi3) cubic Ti bee (o =900) comp -72500 (CPH)
+ cubic
Pt Zr
Compounds Structure References Temperature Enthalpies of formation
literature K) J/mole of atoms
experiment Experiment literature®
Py 75210 .25 hexagonal Pt fee 1673 -106000 exp -113000 MW)
(P13Zr) NisTi Zr bee (0=3400) exp -128000 (SF)
comp -101000 (Netal)
comp -92000 (CPH)
Ptg.33Zr0.67 fee Ni Tig Pt fec 1500 -84000 comp -118000 (N etal)
(PtZrp) fec Ni Tiy Zr bee (0=3500) comp -74000 (CPH)
+ P13Zrs

N.B.: 50/50 compound

-90000(G) exp -96000 (TX)
(o = 10000)

* literature results : exp for experimental determination, comp for computation, (initials) in brackers refer to authors.




emf measurements, results relatively close to our own.
For Ptg 75Zrp.2s (Pt3Zr) Srikishnan and Ficarola
(1974) gave a result too negative but it was got by
combustion calorimetry and certainly not very
accurate.

Model results by Miedema's group (Niessen et
al, 1983), Colinet et al (1985) and Watson and Bennett
(1984) are of the same order of magnitude as
experimental results. The drawback of these values is
that the experimental variations from one compound tc

References

- Barin L, Knacke O, Kubaschewski O. (1978) :
Thermochemical Properties of inorganic substances,
supplement (Berlin, Springer Verlag).

- Barin L., Knacke O. (1973) : Thermochemical
Properties of inorganic substances, (Berlin, Springer
Verlag).

- Biswas V.T.K., Schubert K (1967) :
Zeitsch. Metallk., 58, 558.

- Colinet C., Pasturel A_, Hicter P., (1985) :
Calphad, 9, 77.

- Darling A.S., Selman G.L., Rushforth R, (1970) :
Platinum Met. Rev., 14, 124,

- Elliott RP. (1965) :
Constitution >f binary ailoys, 29 supplement,
(New York, Mc Graw Hill).

- Gachon J.C. (1988) :
J. Phys. Chem. Solids, 49, 435.

- Gachon J.C., Giner J., Hertz J. (1981) :
Scripta Meuall., 15, 981.

- Gavuuii J.C., Notin M., Heriz J. (1981) :
Thennochemica acta, 48, 155.

- Kleykamp H. (1990) :
Private communication.

50

the other which follow the same trend as the melting
points, as already mentionned by Kubaschewski and
Alcook (1979), is not reproduced.

To conclude, this is the first set of experimental
enthalpies of formation for compounds in the systems
PtTi and PtZr. It confirms the tendency of enthalpies
of formation and melting temperatures to vary in a
same manner and shows that models are still not
accurate enough.

Kubaschewski O., Alcock C.B., (1979) :
Metallurgical Thermochemistry, 5th ed., (New
York, Pergamon Press).

Kubaschewsky O, Kubaschewski von Goldbeck O,
Rogl P., Franzen H.F. (1983) :

Ed. Komarek K.L. Atomic Energy Review, Special
issue N° 9, Titanium, (Vienna, International atomic
energye agency).

Meschter P.J., Worrel W.L,(1977) :
Met. Trans., 8A, 503

Murray J.L. (1982) :
Bull. of Alloy Phase Diag., 3, 329.

Niessen A.K., De Boer F.R., Boom R., De Chatel
P.F., Mattens W.C M., Miedema A R. (1983) :
Calphad, 7, 51.

Srikrishnan V., Ficarola P.J. (1974) :
Met. Trans., 5,1471.

- Topor L., Kleppa O.J. (1989) :

J. of the less Com. Met,, 155, 61.

Watson R.E., Bennett L.H., (1984) :
Calphad, 8, 307.




60 ANALES DE FISICA Serie B Vol. 86 1990

THERMODYNAMIC  INVESTIGATION

OF THE

SYSTEM  Ag-Nb-Te

Angellka BRUNNER, Harald P. FRITZER and Werner SITTE

Institut fir Physlikalische und Theoretische Chemie
Technische Universitédt Graz, A-8010 Graz, Austria

Abstract.-

The tellurium rich part of the ternary system Ag-Nb-Te has been determined employing
cculometric titrations in the solid state using solid silver ionic conductors in specially
designed galvanic cells with mixtures of binary niobium tellurides as cathodes. In contrast

to Nbs, and NbSe,
by X-ray diffraction,
Ag, gTe and AgcTe, with NbTe
Fina?ly,

no silver intercalation of NbTe,
indicate the coexistence of the binary silver tellurides Ag,Te,
. No ternary compounds could be found between 25 and 400°C.
the advantages and iimitations of the coulometric titration technique, regarding

could be observed. The results, confirmed

the simultaneous determination of thermodynamic parameters as well as the phase diagram with

high stoichiometric resolution, are discussed.

1.- T"ntroductlon

The aim of this project was the investigation
of the ternary system Ag-Nb-Te by solid state
electrochemical methods using solid silver lonic
conductors in proper galvanic cells. The title
ternary system has not been subject to any analysis
before, although binary and ternary chalcogenides of
the IV., V. and VI. group of the transition metals
are very interesting materials due to their tendency
to form low dimensional compounds that might serve as
cathode mat..ial. in solld state batteries.

In the system silver-niobium only a very slight
solublility at high temperatures has been reported
(Kieffer et al. 1363).

Up to now, four stable niobium tellurides have
been characterized (Selte and Kjekshus 1964). NbTe,,
which coexists with metallic tellurium, is stable up
to at least 900°C (Bshm and von Schnering 1985, Bdhm
1987, Mahy et al. 1984).

NbTe, is a member of the well known family of
layered dichalcogenides. So far, no phase transitions
or phase width are known. The layers separated by van
der Waals gaps are somewhat Dbuckled due to
metal-metal-interactions that lead to the formation
of Nb-triplets (Wilson and Yoffe 1969. NbzTe, has
been successfully intercalated (Schéllhorn 1980, Huan
and Creenblatt 1987a, 1987b). Finally, Nb,Teg is the
binary niobium telluride with the highest nlobium
concentration (Selte and Kjekshus 1863, Selte et al.
1966).

The binary silver-tellurium phase diagram has
been investigated using the method of coulometric
titration between 25°C and 200°C (Sitte and Brunner
1988). The results confirmed the established phase
diagram (Kracek et al. 1866). The emf data of the
binary system can be used as a basic set of
information for comparison with the initial results
of the tellurium rich part of the ternary system
Ag-Nb-Te

In contrast %o sulfides and selenides, only few
examples of ternary transition metal tellurides are
known that might give an Insight into structure types
which could be expected in this ternary system. The
sulvanite type semiconductors (Hullliger 1961, 1968)
exhibit a variety of compounds such as CusNbX, (X =
S, Se, Te), but no silver analogon is known. AgyNbTe,
has been described by Brixner (1965) as a
thermoelectric ternary alloy , but the author never
denotes 1t to be a single phase compound. AgSbTe,

could be found In the system Ag-Sb-Te; similar
ternary compounds are known for sulfide and selenide
systems. Liimatta and Ibers (1987) reported a layered
ternary transition metal chalcogenide NbNiTes.

The selenides and sulfides of niobium are well
known examples of Iintercalation. The only known
Intercalated tellurides have been p.cv,ared either by
Li-intercalation in solution (Murphy et al. 1976) or
by reaction of silver powder with the mixed
layer-structure telluride TiZ2rTe, to give the
intercalated compound AgTiZrTe, (Cybulski and Feltz
1989, Cybulski et al. 1989).

Huan and Greenblatt (1987a, 1987b) reported the
preparation of intercalated NbjTe,, where silver is
incorporated by annealing of stoichiometric amounts
of the elements to form Ag,NbgTeg.

2.— Coulometric titrations in the solid state

As has been shown by Kiukkola and Wagner (1957)
and Sitte and Weppner (1985, 1987) the method of
"coulometric titration" (“galvanostatic intermittent
titration technique") in the solid state is a very
useful tool in Investigating binary and ternary phase
diagrams with high stoichiometric resclution and
obtaining thermodynamic parameters simultaneously. Of
course, in order to achieve reliable emf data several
conditions have to be fulfilled. At least one of the
components of the system must exhibit high 1ionic
mobility. An appropriate 1ionic conductor must be
employed, which is stable in the desired temperature
range. Additionally, the starting material Iincor-
porated in the working electrodes must exhibit mixed
conduction and the compounds of the galvanic cell
must not react with each other or the atmosphere.

In the case of the system Ag-Nb-Te the
following galvanic cell has been used:

+
Pt |Ag|Ag -ionic conductor|AngbyTez|Pt
(Ag -1onlc conductor = Agl, RbAg,ls, Ag-8"-Al,0)

The silver concentration of the sample with the
nominal composition "AgyNbyTe;" is varied by passing
a constant current pulse through the sample according
to

yMNb * ZMTe

Ax = — I At , (1)

zFm
Nb Te
Y z




it m , M, M and ¥ are the mass of the
NbyTes, Nb Te
starting sampte "NbyTe,", the atomic mass of Nb oand

Te, and Faraday's constant, respectively.

A} ot of the emt” vs silver concentration is
called a “titeration curve” (fig. 2). In addition to
titrations ot constant temperatures the variation of
the emf with temperature ylelds entropy values and
information on phase transitions (change of the slope
in the F vs. T curve).

I'ig. 1 shows coulometric titiration paths in the
ternary system Ag-Nb-Te with binary (on the base line
Nb- Te) and ternary starting samples.  According to
Gibbs® phase rule, emf plateaus reflect the existence
of a three-phase regions (located between two- or
one-phase regions). The correct phase diagram may be
constructed  from  several titration curves with
ditferent starting samples.

Aoy .
Mb NbTe, Te

Fip. 1 Coulometric titration paths with binavy and
ternary starting samples

3. kxperimental

The starting samples were prepared by anncaling
stoichiometric amounts of the elements or binary
precursors at temperatures between 700 °C and 1000°C
in evacunted sillea tubes. The powders were finely
ground and pressed into pellets of 50 to 500 mg.
Problems in preparation were caused both by the ecasy
sublimation of tetlurium and the slow reaction of

niobiue under the yiven conditions. Usually the
tormation  of  the  tellurium  rich  compound  wag
favoured,  In these cases: the use of mixtures of

finely siround single crystals (in the composition
range trom 20 Yo 33,33 mol-% niobium) proved to be
very helpful. Single crystals of  NbTeg, NbTe, and
Nb Tey have been prown by chemical vapor transport
(using  iodine as  transport agent ). In come cases
Ap,Te wan added o those starting samples exhibiting
jow silver mobility and coexisting with Ag,le

Ayl wan used  between  1H0TT and  H307C {(the
softening of pressed Al tablets well below  the
me L ing point and slight lodine evaporation limited
thee use of Agl to about S30°0). Additionally, RbAgaly
covered  the region  between 2570 and 2000, and
Ag-B7-AlJ), the region between 3007C and Lo A
experiments were carried out under constant o helium
Tlow

4 Resnlty and ditengsion

Typical coulometeic VYiteation curves of  the
systen Ag-Nb-Te are shown in fig. 2 The starting
compositions of the binary niobium tellurium mixture
varied hetween 1000 and 3115 mol =% Te
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Fig.2 Coulometric titration curves for starting
samples of various compositions
(8 Nbyy ysTegy.gs.  Nbog ooTe . oo
Nbig. 00Teyo.00)

The temperature dependence of the emf within
the three phase reglons of the ternury system
Ag-Nb-Te Is given in table 1.

Beaction | 1K aomd t Lo
Mo DAL e Te e Ay e A e e ol
L LARD e AR, Iv-‘ 500 B0 L SR S 0o
4 R
QU e Ay mlv - 440 G AR [T RN
i) e An T HAT-HO0 L0 6o
Srle L oA e 3 Ay S5 B Tih a4 s 4 A .
NG e D Ag e HREArAT as e a4 e
fNLLe TARY ¢ 4 Ay e LD RGO it e a0 RO
Mr‘Io-‘ o Ay T LI ISR ¢ IV) S0 a L S 23 I A A

Table 1. femperature dependence of the emf  of  the
galvanic cell
AglAg'«&nni(:—(:ondm:l.m‘ls:xmple,»Il’ within the
three phase regions of the ternary system
Ap-Nb-Te; F = a + bl

The results  indicate a  coexistence  of  the
Linary silver tellurides AgpTe, Apgy qTe, and ApgTey
with NbTeg. Additionally, Ag,Te coexists with NbTe,
and NbaTeg. Fspecially for starting samples of 20
mol-% niobium the use of single crystal NbTeg was
prefered to annealed powder materials, as residual
(not  recacted) tellurium in the case  of  powder
materials gave misleading results, indicating a
solubility of silver in NbTeg, which could not be
found if single crystals were used as  starting
materials for coulometric titrations. NbTe, could not
be  Intercalated with silver, but instead, samples
with high NbTe,-contents decomposed  during  the
coulometric titrations (tellurium crystals grew on
the surface of the lonie conductor, the platinum
leadss, and even the counter electrode). After an
amount of 30-50 weight-% o AgaTe had been added to
the sample, coulometric titrations could be performed
aginin with acceptable current densities (as  Ap,te
coexints with NbTe,, only the silver migration had
been tmproved and free teljurium had been trapped by
the addition of  AgyTe). Netther  AgouNbTe,  nor
AgoNbgTey could be found by coulometric titrations at
temperatures up to 530°C. The results are supported
by X-ray characterisation. Nby Ve showed a
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remarkable silver solubility of approximately 4 mol-%
silver between 450°C and 530°C, thus forming a
two-phase region Agy (NbsjTes-AgoTe., In fig.3 the
resulting ternary phase diagram is given for T=400°C
At this temperature all three silver tellurides are
present. The regimes of the eutectic and peritectic
melts in the binary system Ag-Te (Kracek et al. 1966)
are not governed by the present study and have to be
left for modified experimental setups. The
limitations of the method of coulometric titration in
our case are mainly given by the upper temperature
due to the melting point of Agl (555°C) and the low
reaction rates in the nioblum rich part of the
ternary system (nioblum contents higher than 40
mol-%).

Ag

i
\\\ System Ag-Nb-Te

LR
AAVN
\ ‘,‘/)\f‘i\\‘
B g0
\ 14
“\\\\\\\
LR
AT Ag;le
/(\\\§ \‘ Aggle
FALIERNG A \}‘\_ AgsTe;

VAW
/ AN WA
LN

Fig.3 The tellurium-rich part of the ternary phase
diagram Ag-Nb-Te at 400 °C.

By use of the emf values (see table 1) the
Gibbs energy of formation of the coexisting phases of
any of the three phase regions may be calculated by

3
- - 1 C:
E = (1/Fd)';( 1)'d, 8,C7(Ag Nb Te ) (2)

where AGo. d, d
£ 1

formation from the elements in their standard state
(pure elements), the determinant formed by the
stoichliometric coefficlents of the three coexisting
phases, the minor determinant (derived from d by
eliminating the i-th row (stolchiometric numbers of
the electroactive component sllver) and the first
line), and the Faraday constant, respectively [30].
The temperature dependence of the emf values gives
the values of the entropy of formatlon

and F are the Gibbs energy of

3

8E | _ _ _qy!

(ﬁ] = (l/Fd)‘zl( 1'd, A S%(Ag Nb Te ) (3
P =

whereas the enthalpy of formation results from the

Gibbs-Helmholtz equation

o _ o ©
AIHI(T) = ArG‘(T) + T.ArH|(T). (4)

The activities of silver are related to the measured
enf by

=_1 _ %y - _RL
E = F (qu u‘g) F 1n aAg, (5)

whereas the activites of In and Sb may also be
calculated according to eqn.(2) via the cell voltages
of hypothetical In and Sb concentration cells (Sitte
and Weppner, 1985, 1987). As no literature data
regarding the thermodynamic properties of the niobium
tellurides exist, a complete analysis of the
thermodynamic properties of the ternary system
Ag-Nb-Te can be given as soon as e.g. the enthalpy of
formation of NbTey 1s known by solution calorimetry.
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Abstract:

An electrode potential study of
the 1liquid Au-Pb-Pd system has been
conducted with the cell

Pb / Pb2* in LiCl+KCl / Pb~Pd-Au
in the temperature range 623-1200 K. Lead
partial free energy and activity were
determined for 33 alloys. Fifteen of them
are gathered in this work. These
measurements allow us to give a part of
the ligquidus surface of this system.

I Introduction:

In the course of the thermodynamic
study carried out by our group concerning

ternary metallic systems, we have
neasured by potentiometry the lead
activity in a number of gold - lead -

palladium liquid alloys.

The thermodynamic functions and the
phase diagram of this ternary system have
not been previously studied, except for
AuyPd) _,Pb, by Havinga et al. (1972), by
X-Ray diffraction to determine the lattice
parameters of the f.c.c. solid solution.

DL . )
I1.1. The gold - palladium system:

The phase diagram of this systen,
reported in Fig.1 from Okamoto et al.
(1985) is very simple because of the
complete solubility of gold and palladium
at liquid and solid states at the whole

composition. The liquid curve was
determined by Ruer (1906) , and Miane et
al. (1977).

Thermodynamic functions of this

system were determined by Bartosik (1971)
at 1373 K, Schmahl (1951) at 956 K, and
Hbhn et al. (1986) at 1200K, with the
solid metals as reference. The integral
enthalpy of mixing was determined by Miane
(1979) at 1700 K for the liquid alloys.

a - M

The phase diagram reported in Fig.2
is from Okamoto et al. (1985). The
eutectic point coordinates are xpp= 0.848,
Teyt = 485.5 K, and the peritectic

temperatures are 701.1 K, 526.1 K, 494.6
K, corresponding to the decomposition of
three intermetllic compounds AujPb, AuPbj

and AuPb; respectively.

Heats of mixing of this system were
determined by Kleppa (1949 and 1956) and
emf measurements were carried out by Hager
et al. (1969), by Kameda et al. (1975) and
by Rebouillon (1989). There is a serious
desagreement among these authors about the
heats of mixing.

11.3. The lead-palladjum system:

There are four intermetallic
compounds reported from Hultgren’s et al.
phase diagram in Fig.3: PbyPd, PbPd3 with
congruent melting points at 727 K and 1493
K respectively: the peritectic
decomposition of PbPd and Pb,Pd; are at
768 K and 1103 K.

The thermodynamic functions of this
system were determined by Sommer et al.

(1978). Their lead activity values
{determined by the effusion method) were
in good agreement with those of

Schwertfeger (1966) (potentiometry).

In this work, we report experimental
values of lead activity in some Au-Pb, Pb-
Pd, and Au-Pb-Pd alloys.

111 Theory:

The formation of a binary or
(ternary) alloy by a reaction of the type:

Pb+ PbyAuy --=-- > Pb(1+x)Auy

may be investigated by a concentration
cell represented schematically by Pb/ Pb2+
in molten LiCl-KCl / Pb in Au, Pb, or Au-
Pd. Electric conduction across the phase
boundaries metal/electrolyte is due to the

transition of Pb2* jons as the active
charge carriers, exclusively, because this
metal is more electropositive than gold
and palladium; in effect, the standard
electrode potentials in molten LiCl+KCl at
723 K, measured by Laitinen et al. (1958)
are:

Au(I)-Au(0) = +0.205 V
PA(II)-PA(0) = -0.214 V
Pb(II)-Pb(0) = -1.10 V

From the knowledge of the enmf value
(E) at temperature T, the partial free
energy and activity of lead in an alloy

may be calculated by the following
equation:
-2FE = /\mix Gpb= RT 1ln app
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The partial entropy and enthalpy of
mixing of lead can be deduced from the
potential variation versus temperature.

1V Fxperimental:

IV.1l. Apparatus:

The experimental cell was described

previously by Girard et al. (1980), and
reported in Fig.4. The large external
crucible (I), the lead wire sheath (D),

and the thermocouple sheath (E) are in
pure alumina. The pure lead alloys are
also contained in pure alumina crucibles
(A). The electrode crucibles are wedged in
place on the bottom of the crucible (I) by
several alumina tubes (Cy. Each cell
contains ten electrodes; three with pure
lead, and the others with alloys. The
tungsten lead wires (D) for the electrodes
and Pt-Pt 10% Rh thermocouple (E) are
aligned by two covers (G and H). In the
cover (G), suitable fittings permit a
flowing argon.

The cell is heated by a cylindrical

vertical furnace with two kanthal
resistors; one of them is connected to an
a-c supply, and the other to an electric
regulator.
A more uniform temperature distribution is
obtained by enclosing the cell inside the
furnace within a concentric refractory
steel cylinder (K) which also acts as an
electric shield.

Emf values are measured with a
digital scanner millivoltmeter (Prema
6000) with a large input impedance (10 +12
ohms).

A program which has been described by
Rebouillon (1989) allows the automation
registration of data.

IV.2. Materiels:

99.9999 at.% gold and pallladium were
provided by "La Compagnie Frangaise des
Métaux Précieux", and 99.999 at.% lead was
a Prolabo.Soc . Product.

Lithium, potassium and lead chlorides
were analytical grade salts (Carlo Erba
and Koch-Light). The electrolytic salt was
prepared by purging with gaseous chlorine
from Messer Griesheim Comp.

The cell was supplied with pure argon
(grade U-Air liquid Company).

IV.3. Ce'l preparation:

The molten electrolyte had to Dbe
carefully prepared to avoid considerable

problems in experiments. The eutectic
mixtures of lithium and potassium
chlorides (44.2 weight percent LiCl; Tg,g=
623 K) was dried at 523 K for 24 hours
under dynamic vacuum. After heating at 650
K, 3 weight percent lead chlorine ( Kkept
under vacuum ) was added. The decanted

mixture of salts was also kept under
gaseous chlorine (99.8%) for 30 minutes to

improve the electrolytic preparation, and
then transferred to the experimental cell
after putting the metals in the crucibles.

The cell is heated up to about 1200 K
and held for two hours at this temperature
to stabilize. Potentials are then measured
at intervals of about 50 K after
stabilization of the cell.

V.4, u :
During experiments, we took the
following precautions : - attainment of

equilibrium by alloys after each change in
temperature was verified by observing the
course of emf over a period of time - The
emf between two reference electrodes was
always lower than 10-4 v at each
temperature.

Since lead vapor pressure becomes

important above 1000 K (p= 1.65.107° Atm),
all measurements were repeated on tne next
day to check that measured voltages were
constant for each composition.

Au-Pb, Pb-Pd alloys were studied in
the same cells as ternary alloys. The
results were compared with the published
data to verify the smooth working of the
cells.

V_Ex i al s
i jon:

V,1. Limi in :

- Au-Pb system:

The three alloys xpp = 0.10,
0.30, 0.50 were studied. In Table 1 we
compared our lead activities values with
those reported by Hager (1969) and by
Rebouillon (1989), measured by the same
method at 1200 K. The results are in good
agreement, because the maximum of
deviation between our values and Hager'’s
(1969) is about 5%.

Table 1: Activities of lead in Au-Pb
liquid alloys;

Xppb app /*/  app /**/ app /***/
0.10 0.030 0.032 0.037
0.20 0.105 0.093
0.30 0.176 0.197 0.176
0.40 0.261 0.281
0.50 0.410 0.400 0.400
0.60 0.524 0.512
0.70 0.623 0.628
0.80 0.766 0.753
0.90 0.883 0.889

* This work,
** Rebouillon (1989),
*** Hager (1969).

- Pb-Pd system:

For the six lead-palladium alloys
studied, (xpgq = 0.10, 0.20, 0.30, 0.40,
0.50, 0.60), we present the variation of
potential versus temperature (see Fig. 5).
The linear dependance corresponds to




liquid homeogeneous state, and the broken
line for xpq = 0.60 and Xpg = " 52, a+ T
= 1100 K and T = 900 K respectively are
the limits of the liquid curve for these
compositions in the phase diagram (Fig.3).

In Table 2, - and Fig. 5, we have
compared the lead activities measured by
Schwertferger at 1273 K by potentiometry,
and also measured by Sommer et al. (1978)
by the effusion method. The lead activity
in this binary system presents a large
negative deviation from the Raoult’s law,
and our values tally with those of the
precedent authors.

] . it - lead i Y
ligquid alloys:

Xpp apyp /*/ app /**/ app /r**/
0.90 0.88 0.89

0.80 0.72 0.7

0.74 0.77

0.70 0.58 0.553

0.60 0.39 0.42 0.41

0.50 0.19 0.27 0.22

0.40 0.04 0.04 0.04

* This work,
** Sommer (1978),
*x* Schwertfeger (1966).

The measurements concerning the Au-Pb
and Pb-Pd systems let us expect to have
access easely to the lead partial mixing
functions of lead in the ternary Au-Pb-Pd.

- Au-Pb-Pd system:

We have studied fifteen ternary
alloys with compositions as reported in
Fig. 7-10. )

The high temperature of Au-Pd liquid
curve (Fig. 2) limited our investigation
to the lead rich composition.

For the fifteen alloys, we have
reported in table 3 the least squares
regression coefficients E(mV)= a+bT (K).
These coefficients are only available
above the temperature indicated for number
of alloys. In effect, we have obtained a
few points of the liquidus of the ternary
system Au-Pb-Pd by the break on E=f(T)
graphs. In Fig.8 ,9 and 10, the potentials
versus temperature are drawn for fifteen
alloys with compositions:

Xau/Xpa = 4/1: Xpp = 0.30; 0.40; 0.50;
0.60; 0.70:
Xau/Xpg = 1l/1: Xpp = 0.30; 0.40; 0.50;
0.60; 0.70;
Xpau/Xpd = 1/4 : xpp = 0.30; 0.40:; 0.50;

0.60; 0.70;

The linear variation corresponds to
the liquid monophase region and the curved
part to the two-phase region. For both
alloys, xpu/Xpq = 1/4; xpp = 0.-) and
Xpu/Xpd = 4/1; xpp = 0.30, the change of
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slope in the curve appears at 1030 K and
900 K respectively which corresponds to a
two phase equiliprium. The liquidus
temperatures determined in this way are
shown in Fig.11l.

For all the alloys studied, we have
calculated the lead activity at 1200 K;
corresponding values are reported in Table
3, and Fig.12 gives the general shape of
the AGpjx function over the whole
concentration range. The integral
thermodynamic functions have been
calculated by a thermodynamic model (Hoch-
Arpshofen model (1984)) and will Dbe
published elsewhere.

] . .
IQDlg;l*;Rggxgﬁﬁlgn—gggtf*9+§?3§
: SPDoPd liguid all

a b app Tliq
Xpu/Xpg-1/4
xpp=0.40 52.73 0.064 0.08 1000 K
Xpp=0.50 20.18 0.043 0.24
Xpp=0.60 11.69 0.027 0.42
Xpp=0.70 5.87 0.015 0.62
Xpp=0.80  1.87 0.009 0.80
Xau/Xpg=1/1
App=0.30 78.82 0.073 0.04 820 X
Xpp=0.40 33.18 0.055 0.14
Xpp=0.50 11.56 0.051 0.29
Xpp=0.60  9.59 0.025 0.46
Xpp=0.70  3.69 0.017 0.62
XAu/Xpg=4/1
xpp=0.30 28,58 0.068 0.12 900 K
Xpp=0.40 13.41 0.047 0.26
Xpp=0.50  9.98 0.036 0.35
Xpp=0.60  7.15 0.024 0.49
Xpp=0.70  5.55 0.015 0.63
V1 Conciusion;

The activities of lead measured in
fifteen Au-Pb-Pd alloys between 623 and
1200 K allowed us to propose the partial
free enthalpy of mixing of lead. A number
of points of the liquidus surface of the
ternary system has been determined from
the change of slope of E vs. T curves.

References;

Havinga E.E. Damsa H., Hokkeling P.,
(1972), J. Less-Common Met., 27, 2,
pl69.

Okamoto H., Massalski T.B.,
(1985), Bull. Alloy. Phas. Diagranm,
6, 3, p 229.

Ruer R.,
(1906), 2. Anorg. Chem. 51, p 391.




66

Bartosik D.C.,
(1971), Thesis Northwest University
Evanston, Illimois, USA.

Miane J.M., Gaune~Escard M., Bros J.P.,
(1977), High Temp.- High-Press., 9,
p 465.

Schmahl N.G.,
(1951), Z. Anorg. Allgm. Chem., 266, pl.

H6hn R., Herzig C,
(1986), Z.Metallkd., 77, 5, p 291.

Miane J.M.,

(1979), Thése de Doctorat de 3€Mme cycle,
Université de Provence, France.

Okamoto H, Massalski T.B.,
(1984), Bull. Alloy. Phas. Diagr., 5, 3,
p 276.

Kleppa O,
(1956), J.Phys. Chem., 60, p 446.

Kleppa O,
(1949), J. Am. Chem. Soc., 71, 10,
p 3275.

Hager J.P.,
(1969), Trans.
P 2307.

Walker R.A.,

Met. Soc. AIME, 2435,

Yoshida Y.,
5, p 387.

Kameda K.,
(1975), J. Jap.

Sakairi Ss.,
Inst. Metals,

Rebouillon P.,
(1989), Thése de 1l’Université de
Provence.- Sciences, France.

Hultgren R., Desai P.D., Hawkins D.T.,
Gleiser M., Kelley K.K., Wagman D.,
(1973), "Selected values of the
thermodynamic properties of binary
alloys", Amer. Soc. Metals., Metals
Park.OH.

Predel B.,
401.

Sommer F.,
(1978), 2.

Suh Y.H.,
Metallkd, 69, p

Schwertfeger K,
(1966), Trans. Met. Soc. AIME, 236, p 32.

Laitinen H.A., Liu C.H.,

(1958), J. Amer., Soc., 80, p 1015.

Girard C., Baret R., Riou J.,

Bros J.P.,

(1980), J. Electrochem. Soc., 127, 5,
p 1157.

Hoch M., Arpshofen I.,

(1984) Z., Metallkd, 75, p 23.

FIGURE 1
Au - Pd phase diagram
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Figure 4;Schematic diagram of the apparatus
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Review of Alloys Modelling

Bo Sundman
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Abstract

In order to calculate the thermodynamic equilibrium of a system one must
have a mathematical model how the thermodynamic functions for each
phase depend on temperature, pressure and composition. These types of
models are useful for extrapolations to higher order systems or to higher
temperatures where there are no data available. Thus these models may be
called "models for extrapolation” in order to avoid confusion with models
based on fundamental physical properties, like the electronic behaviour,
which could be called "models for estimation”. This paper will only discuss
models for extrapolations which are useful for phase diagram calculations.

Introduction

The development of fast electronic computers have
given a new dimension to the use of thermodynamic
data. In the pre-computer age it was a tedious task to
compute even very simple equilibria when solution
phases were involved because it requires an iterative
technique in order to solve nonlinear systems of
equations. When restricted to pen and paper and
maybe a mechanical multiplication machine it was
necessary to introduce many simplification in the
treatment of thermodynamic data. As many practical
methods to solve problems involving thermodynamics
were developed in the pen and paper times, these
methods are still persisting and have a major influence
on the teaching of thermodynamics today.

Some simplifications introduced in solving
thermodynamic problems by pen and paper are still
useful today. But sometimes these simplifications may
be a problem because they tend to obscure the basic
thermodynamic principles and instead keep the student
busy with trivial tasks as changing reference states for
the data. When most undergraduates have daily access
te computers it is important to start to introduce
thermodynamic methods that make use of such
facilities.

Basic Thermodynamic relations

We need only very simple thermodynamics in order to
describe the models. As most thermodynamic data er=
measured at known temperature, pressure a.d
composition it 1is convenient to chose the
thermodynamic function known as Gibbs energy,
denoted G, as the basic modelling function. If the Gibbs
energy is known one may derive other quantities from
this in the following way

Entropy: S = - (3G/dT), .1

Enthalpy: H=G + TS .2

Volume: V = (3G/dP), I
Heat capacity C, = - T(*GioT?), .4
Thermal expansivity: o = é{azc/apa'r) .5
Isothermal compressibility: x = - %(GZG/QPZ )s .6

The quantities introduced above are valid for all
thermodynamic systems. If the system may vary in
composition the composition must be constant. In

_ solutions one may additionally define

Partial Gibbs energy for component i: G, = 9G/ON;  ..7
where N, is the amount in moles of component i.

In modelling we will use the Gibbs energy per formula

unit,

G,.% .8
M

where M is the total number of possible sites for

constituents in the phase.

In modelling the thermodynamic properties of a system
one must of course model each phase in the system
separately. The properties of the system at equilibrium
is then a function of the properties of the individual
phases if surface effects can be negelected.

Models for phases with fixed composition

In real systems there are no phases which cannot vary
in composition and in semiconductor system even very
minute composition variations can be crucial for the
properties. However, in many cases small variations
can be ignored for simplicity. A phase that cannot vary
in composition will have its Gibbs energy described as a
function of temperature and pressure only.
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Data for pure elements and compounds with fixed
stoichiometry are the most readily available for
modelling. As the amount of experimental information
from measurements at constant pressure is much more
abundant compared to that at constant volume it is
reasonable to concentrate on models describing the
data as functions of temperature and pressure.

In tables with data for compounds as in the book by
Barin and Knacke (1973), the important
thermodynamic quantities like C_, H(T) - H(298), S and
G are usually tabulated at given Eemperature intervals.
In addition the values of AH,,, and S,,, are given. By
convention H, . for the elements in their stable state at
298.15 K and 1 bar is assumed to be zero. The use of
this reference for data is called Stable Element
Reference and denoted SER.

The tabulated data can be expressed as a function the
temperature in different ways. Sometires the values of
AH, 4, S,,, are given together with an expression of
the C, as a function of temperature from 298.15 K and
up. A typical temperature dependence of C, is shown in
Fig. 1, which is for fcc-Cu. From the C_ and the other
quantities it is possible to obtain all other
thermochemical quantities because one may integrate
the C, function to a Gibbs energy function

T T
G, - La,HF = AH, - TS, o + [ Cpdt - Tjgfdt .9
i 298 208 T

where a, is the stoichiometric factor for element iin the
compound. For equilibrium calculations it is necessary
to use data in the form of a Gibbs energy function in
order to find the equilibrium. Another fact which
supports the use of Gibbs energy is that for solutions,
alloys and other mixtures, the Gibbs energy is the
dominating quantity used for representing
experimental information.

Heat Capacsty {J mol.K)
N

220 i e e e e
A 0 20 400 600 80 1000 1200

Temperature Ceisius

Fig. 1. The heat capacity at constant pressure,
C,, for fec-Cu.

One may in some cases have to use the Helmholtz
energy because it has the advantage that it can be used
to calculate the critical point in gas/liquid equilibria. Of
course it is always possible to compute the value of the
Helmholtz energy using any representation of the
temperature and pressure dependence. But one must
realize that only in exceptional cases one may find a
closed expression for the Helmholtz energy when
starting from the Gibbs energy and vice versa.

Model for temperature dependence

The natural approach is to use a power series of T,
including positive and negative integers as exponents,
as a representation of the temperature dependence of
the Gibbs energy of a compound. However, some
temperature dependencies can be derived from a
theoretical basisg also.

In the present case one is only interested in
temperatures above 298.15 K and this will in many
cases be above the Debye temperature for most
compounds. Thus there will be no explicit modelling of
low temperature heat capacities included in the Gibbs
energy function. The low temperature heat capacity can
be sufficiently well modelled by including terms with
negative powers of T. The first T"! term can be related
to the Debye temperature of the compound.

The heat capacity calculated from an expression for the
Gibbs energy is given by eq. 4. Form this equation one
finds that a temperature independent heat capacity
would have the temperature dependence T*In(T) in the
Gibbs energy expression. As there are theoretical as
well as experimental support for a temperature
independent heat capacity at high temperatures one
gshould include such a term in the Gibbs energy
expression.

Non-integral powers have sometimes been used in the
assessment of the temperature dependence of the Gibbs
energy or heat capacity of compounds. As such powers
have no support from physical interpretations of the
heat capacity they should not be used. From these
simple arguments the following formula should be
recommended

G,=X a,T* + bTInT ..10
i

In geochemistry one is interested to extrapolate to very

high temperatures and thus geologists have a tendency

to use mainly negative powers of T in eq. 10.

Temperature intervals

In the literature one often finds the following

representation of the heat capacity of elements and

compounds

Cp=a+bT +cT?+dT?

This can usually be applied in a limited temperature
range only and instead of increasing the number of




coefticients one has used the same four coefficient
expression but with different coefficients in two or more
temperature regions. In such cases both the heat
capacity and its derivative has been forced to be
continuous at the break temperature. Except for cases
when there are theoretical support for such temperature
intervals they should not be used.

Second order transitions

A number of elements and compounds show second
order transitions which can be due to magnetic
ordering or other internal changes. At the magnetic
transition temperature the heat capacity should
become infinite and it would be impossible to represent
the heat capacity in the vicinity of the critical point
with eq. 10 unless many coefficients and maybe also
temperature intervals were used. In such cases it is
recommended that the contribution to the Gibbs energy
due to the second order transition is modelled
separately and added to eq. 10.

Eq. 10 can then be considered to be valid for a
hypothetical element or compound that does not show
the second order transition. For the magnetic transition
the following model has been suggested by Inden (1975)
and later modified by Hillert and Jarl (1.’78)

G®°= RT f(1) In(B+1), 1=T/Tc 1
fort<1
79t 4741 REIT LI S
flo=1-] +—(—-1)(—+—+—)JA

140p 497p 6 135 600 12

and for t> 1
1—5 ~15 1—25
f(y=-(—+—+
10 315 1500

518 11692
where A = (——) +(
1125 16975 p
and p depends on the structure. For the bcc structure p
is 0.4 and for the fcc structure it is 0.28. Tc and B must
be fitted to the experimental transition temperature
and Bohr magneton number respectively.

YA

The total Gibbs energy for an element or compound
with a second order transition is thus

G, =GP+ Gr°

where GPYP is described by eq. 10. In Fig. 2 the C, for Fe
is shown for the stable modifications. The large effect of

the ferromagnetic transition in bcc-Fe is clearly
evident. When these values are integrated to a Gibbs
energy one can obtain the curves in Fig. 3 which shows
the value of the Gibbs energy relative to bcc-Fe
extrapolated also into the metastable ranges. These
curves are much more smooth but effect of the magnetic
transition is shown by the increasing stability of bec-Fe
at lower temperatures.

1
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Fig. 2. The heat capacity at constant pressure, C.,
for the stable modifications of Fe showing the stong
effect of the magnetic ordering on the bec phase.
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Fig. 3. Each curve represent the difference in Gibbs
energy for the different modifications of pure Fe
relative to bee-Fe at a function of temperature. The curve
with the lowest value at each temperature represent the

stable modification.

Metastable extrapolations

In many cases it is interesting to know the properties of
a compound or phase outside its range of stability in
temperature, pressure or composition. In particular for
the case of solution phase modelling described later it
will turn out to be very important to estimate the Gibbs
energy of elements and compounds outside their stable
ranges.




72

The most important of this is extrapolation of the liquid
phase below and the solid phase above the melting
temperature. In this case one cannot use any
experimental data but must use some assumption. In
the development of a general solution database the
Scientific Group Thermodata Europe (SGTE) (Ansara
and Sundman, 1987) has employed the method that the
heat capacity of the solid phases above the melting point
should approach that for the liquid phase and the liquid
phase below the melting point should approacn that of
the solid phase. This is a very crude method and it
should only be used whenever one cannot find a better
method. One advantage is that this method avoids the
problem that the solid phases may become stable when
extrapolating to very high temperatures. But this
model cannot be used for the glass transition.

The extrapolation of data for a phase that is stable at
least within a limited temperature range can thus be
made with more or less crude methods. However, in
solution modeling one is interested in the
thermodynamic properties of pure Chromium with an
fee lattice for example. This has never been found in
nature and thus such properties must be estimated by
various methods and models (Sauders et al 1988;
Kaufman and Bernstein, 1979). A recent
recommendation of data for stable and metastable
modifications of the elements have been compiled by
Dinsdale (1989).

Model for pressure dependence

The pressure dependent properties like volume and
thermal expansivity is often ignored in thermodynamic
models. It is important only at very high pressures. For
the gas phase, except close to the critical point or the
boiling point, it is sufficient to describe the pressure
dependence by one term, RTIn(P/P,). For the condensed
phases a model suggested by Murnaghan (1944) can be
useful.

The isothermal compressibility, k, is related to the
Gibbs energy through eq. 6 and the thermal
expansivity. a. through eq. 5. From this one can obtain
the pressure dependent part of the Gibbs energy by
integration, if a is pressure independent

T P P
G/T.P)= Voexp[ | a(’I’)dT] jexp[ | -de]dP .14
0

208 0

Here V is the volume at 298 K and zero pressure. The
pressure dependence for condensed phases are
important only for pressures of several kbar and thus
the lower integration limit can be set to zero rather
than 1 bar. In the Murnaghan model one assumes that
the bulk modulus can be expressed by a linear pressure
dependence. As the compressibility is the inverse of the
bulk modulus we have

1/n

TPl —n— — .15

B.iTVn + P
where B, (T) 1s the bulk modulus at zero pressure and n
18 a constant independent of temperature and pressure.
Experimentally n is found to be about 4 in many cases.

The thermal expansivity can usually be described a< a
power series in temperature and in order to make
reasonable extrapolations from low temperature, where
most measurements are made, one should use an
expression

a=a,+o,T+a,T? .18

and avoid higher powers than one. This model was used
in a recent assessment of pure iron (Fernandez
Guillermet and Gustafson) and in Fig. 4 the phase
diagram for iron is shown for varying temperatures and
pressures. A great advantage with the Murnaghan
model is that it can be inverted so that the pressure is
expressed as a function of volume. This means that the
same parameters can be used for a Helmholtz energy
expression as well as a Gibbs energy expression. At very
high pressures, for example in the core of the earth, the
Murnaghan model may have to be augmented with
several pressure terms. However, one then leoses the
possibility to invert the model.
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Fig. 4. The phase diagram for pure Fe.

Models for composition dependence

Most real systems contain one or more solution phases
or mixtures. In a solution phase the composition may
change, possibly restricted by some stoichiometric
constraints. Each solution phase in a system must be
modelled separately as well as each compound. As most
solid solution phases are stable only within a limited
composition range it is often necessary to make
assumptions of the properties of some components of the
phase outside its range of stability in order to assess the
data for the phase.

In most cases models of the composition dependence is
based on the mole fraction of the constituents as
composition variable. However, in some cases other
variables have been introduced in order to obtain
simpler expression for the Gibbs energy model. For
example when modelling chemical nrder/disorder one
may use a variable describing the degree of order or one
may use the fraction of lattice sites occupied by each




type of atom. ln models for ordering the fraction of
bonds or "clusters"” are sometimes used as independent
variables. Another example are the models used for
organic liquids where a quantity related to the molar
volume of the constituents are used.

In Fig. 5 a survey of models used for describing
composition dependence is shown giving some idea of
the relation between them. The basic model is the ideal
and the term ideal should be reserved for the case when
the constituents are real stable species like H2, CO2
etc. in a gas or H20 and OH™ in a liquid. If some
fictitious species are added, the existence of which are
not certain, these new species are a modelling aid and
therefore the model is no longer ideal. In chemistry this
is called a complex model if all species are
non-interacting.

In order to describe miscibility gaps one must use a
model which take into account the interaction between
the elements. Such interaction terms are called excess
Gibbs energy terms. There are many different such
excess models suggested but for vinary systems they
are all identical. For a ternary system they may give
different extrapolations.

If the interactive energy is negative, i.e. attractive, is
possible to add fictitious species or "clusters” with or
without a modification of the random mixing entropy
expression. If the interaction parameter very negative
it is probably a bad assumption that the constituents

mix randomly. However. the fictitious species can be
introduced in manv different ways and there are
several models making use of this method in order to
describe ordering in crystalline phases and liquids.

A different method to modify the entropy of mixing is to
take into account the existence of sublattices in
crystalline phases. In each sublattice the entropy
expression is assumed to be random. This model have
successfully been used to describe interstitial solutions
and intermetallic compounds with sites of different
coordination number.

The essential property of the models is the ability to
describe experimental information and allow
extrapolations from these data. Thus the agsessment of
experimental data is crucial and in Fig. 6, from the
Thesis by A. Fernandez Guillermet (1988), the normal
assessment procedure is described.

A question commonly asked by those who are learning
to do assessment work 18 when one can decide that the
assessment is finished. Actually there are no finished
assessments, all results presented from assessments
represent the result when the assessor had to give up,
either from lack of funding or interest.

Ideal solutions
The simplest description of a solution  ase is that the

constituents are noninteracting and tnat they mix
randomly. This gives the following ideal solution model

73

G,=Xx,°G, + RT ¥x,In(x,) .17
i i

A derivation of this expression using statistical
mechanics and assuming non-interacting species in a
gas can be found in any textbook on thermodynamics. It
i8 interesting that one obtains the same formula
assuming random distribution of atoms on fixed lattice
sites. The quantities °G, are the Gibbs energies of pure
elements and compounds as function of temperature
and pressure as discussed earlier.

Survey of solution models

Excess Gibbs energy terms
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Fig. 5. Survey of models

Fig. 6. A block diagram showing the procedure for
assessing thermochemical data for solutions. Note
the importance of models and estimated data for
metagtable states.
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Complex models

In the expression for the ideal solution all real species
formed in the phase should be included in the formula.
If the solution phase shows a deviation from the ideal
model this means that there is some interaction
between the constituents which cannot be ignored.
However, for negative interactions one may still retain
the simple formula in eq. 17 and instead postulate the
existence of more species. Such models are generally
called "complex models” and are mainly used to describe
the properties of the gas or liquid phase.

Excess Gibbs energy

Strong positive interaction means that the constituents
do not like to mix and may lead to miscibility gaps. In
order to describe a miscibility gap it is necessary to
generalize eq. 17 in the following way.
G,.="""G, +"*G_+°G, .18
where ®G_ is called the excess Gibbs energy.
Substitutional regular solution models use “**G_ and
™*G _ according to eq. 17 i.e.
reme = }:xio(};L

‘ i .19
"G = RT Xx;In(x,)

i

but other models, for example the sublattice model, use
other expressions for “>*G_and ™*G_. One should note
the difference between the excess Gibbs energy and the
Gibbs energy of mixing. The latter is

MC'm = Gm - Z xicGi .20

where the summation is made over the components of
the system. The Gibbs energy of mixing is thus a model
independent quantity whereas the excess Gibbs energy
depends on the model.

Regular solution models

The regular solution models uses eqs. 18 and 19 as base
and tries to account for the non-ideality of a phase by
introducing terms in the excess Gibbs energy which
depend on two or more fractions. In the simplest case
one may estimate such terms from the heat of mixing.

When there are interactions between the two
constituents of a binary phase the simplest modelling
approrach is this term

*G, = x,;x,L,, .21

where x, and x, are the mole fractions of constituent 1
and 2 respectively. In multicomponent systems one can
introduce an interaction between each pair of
constituents

EGm=ZZ x.x.L .22

V&= AT
ij>i

One should note that the fractions x; must be taken
from the constitution of the multicomponent phase. In
many cases it is not sufficient to have a single
coefficient L . to describe the excess Gibbs energy of a
binary system. One may then expand L, jasa function
of the fractions x; and x.. The following expansion is
recommended for use when one wishes to extrapolate
the binary excess Gibbs energy to a multicomponent
system

5GiI = x;x, ¥ (x, - ;" LY, .23
n

The excess term expressed in the differences of the
fractions in this way is usually called a Redlich-Kister
polynomial. One great advantage with eq. 23 compared
to other models like Margules or Legendre, is that one
may use the fractions x, from multicomponent system
directly in eq. 23. This avoids any complicated
extrapolation scheme like Kohler or Colinet in order to
convert the multicomponent fractions into binary
fractions before calculating the binary excess
contribution. For ternary systems the mecthod of using
the ternary fractions in eq. 23 is called a Muggianu
extrapolation scheme.

There are other excess models which use different
forms of composition dependence but for binary system
they are all equal. The advantage with eq. 23 is that
the differences are invariant when there are three or
more constituents and it is thus suitable for
extrapolations to higher order systems because the
compositions of i and j in the ternary or higher order
system can be used directly in eq. 23. Note that eq. 23
must not be rewritten using the relation x;, = 1 - X as
this is valid only in the binary system.

The number of terms in a Redlich-Kister polynomial
can be arbitrary high and of course the fit to
experimental data is better the greater the number of
coefficients. Therefore it is appropriate to point out that
increasing the number of coefficients will decrease the
significance of each coefficient and there is a limit
which should not be exceeded especially if the
assessment should be used for extrapolations to higher
order systems. That limit is about 3 coefficients in
metallic systems and 4 in non-metallic systems. If it is
not possible to obtain fit within this limit one should
reconsider the mode! used for the phase and try a
sublattice model or an associated model. The reason for
the restriction is that the experimental data in a binary
system is usually limited and it is possible to obtain
equally good agreement with the experiments using
several different sets of coefficients. But these sets will
give different extrapolations to higher order systems.
The best way to decide which set is best is to try
extrapolations into higher order systems where there
might be more experimental information or include this
information when assessing the binary system. This
means that one often has to modify the binary
subsystem whe . assessing a ternary system. But if a
binary subsystem has been used in other ternary
assessments one may not change it without reassessing
also these systems if one is developing a general
thermodynamic database.




Based on the binary interaction one may, for ternary
phases which show deviation from the Gibbs energy
extrapolated from the binary system, introduce a
ternary interaction of the following form

EG123 _ ’
G, =xxx,L, .24

172

It is important to note that the strongest influence on
the ternary properties will be the extrapolated binary
excess Gibbs energies. When assessing ternary phases
one should not simply add a ternary interaction bnt try
to modify the binary interactions including the ternary
information. If a single ternary interaction 18 not
sufficient the following expression should be used

- 1 2 3 a
Lio=v L, +v, L +v,L ., A
where the v variables are defined as
vi=x, +l-x, -x, - x,/3
v, =%, +(l-x -x?~xj)/3 .26

viosx,+il-x, -x -x /3

For the ternary system 1-2-3 the v and the x fractions
are identical. However, in a higher order system the
sum of v will always add up to unity whereas the sum
of x, + x, + x, will be smaller. This term was first
introduced by Hillert (1980).

Associated models

In modelling of cendensed alloy phases one has
traditionally used only the components as constituents.
This 15 1n contrast with the gas piase where there is
usually many more constiluents than there are
components. The associated model is a mixture between
the complex model and the regular solution model
because it introduces fictitious species in order to
d.: .ribe short range order and allows interaction
parameters between the real and fictitious
constituents. The model thus have the same G
equation as a regular solution model. But as the
number of constituents have increased it can be used to
describe more complicated Gibbs energy functions.

The associated model has successfully been used by
Sharma and Chang (1980) to describe liquids where the
activity of a component vartes drastically within a
small composition range. An example of this is shown
in Fig. 7 for the Cu-3 system. The associated model
assumes that a species Cu,S exists and thus the binary
Cu-8S system 14 transformed into a ternary as shown in
Fig. 8. This means that one has an internal degree of
freedom because the composition is the same along the

dashed lines.

The curve inside the triangle shows a possible locus for
the minimum Gibbs energy and it is clear that this
model allows the aystem to be constructed as two
almost independent bhinaries. In the phase diagram
shown in Fig. 9 it is evident that this system has two
miscibility gaps separated by a verv stable liquid
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Fig. 7. The variation of sulphur activity in liquid Cu-S
expressed as the partial pressure of S, with temperature
and composition close to the Cu,S composition.
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Fig. 8. The constitutional triangle for Cu-S modelled
with an associate Cu,S or, ea’ alently, modelled
using the ionic two-sublattice liquid model with
(Cu'?),(87% Va,8%),.

Along the dashed lines the composition is constant.
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Fig. 9. The phase diagram for Cu-S showing the
narrow range of stable liquid around Cu_S.

phases. Any model used to describe this system must
take into account the short range order in the liquid
around thc Cu,S cemposition.




Sublattices

All crystalline phases have defined lattice sites for the
atoms. In many cases the lattice sites have ditferent
coordination numbers and the distances to all nearest
neighbours may not be constant. If there are different
types of sites one should use this fact in modelling the
thermodynamic properties of the phase. When using
sublattices it is convenient to introduce a special
fraction variable, called the site fraction, which gives
the fraction of each component on each sublattice. The
sum of the site fractions on each sublattice is thus unity.

The basic Gibbs energy expression for case with several
sublattices is

G, = LPY1G, + RTEa Lylinly]) +7G, -2

where | is a “constituent array” specitying one
censtituent in ~ach sublattice and Y is a matrix with all
constituent fractions. °G, is the Gibbs energy of
formation of a compound with the constituents given by
L a_ is the (relative) number of sites on sublattice s and
y? is the fraction of constituent i on sublattice s. 5G_ is
the excess Gibbs energy. The term P (Y) is the product
of the site fractions of the constituents given by I, one
from each sublattice,

PAY)=11,y] .28

The excess (Gibbs energy, EGm consists of terms with two
or more site fractions from the same sublattice and is
thus similar to the excess Gibbs energy for a regular
solution model.

The relation between the mole fraction and the site
fractions are, assuminyf;, that each component enters
only one sublattice and tixat there are no vacancies,

ay’

A

X, o=

Ya,
Subldttices have been used successfully to describe a
number of different systems like interstitial solutions,
intermetallic compounds, chemical ordering and oxides.

sublattices for interstitial atoms

As an example of an interstitial solutions one may take
for example C in fee-Fe. In such a case one sublattice
represent the substitutional sites for Fe and one the
interstitial sites for (. As most of the interstitial sites
are vacant il ix convenient to introduce a new
component, vacancies denoted Va. in order to simplify
the mathematical expressions. At the same time it 18
required that the vacancies have their chemical
potential equal to zero and thus one does not violate the
(iibbs phase rule.

The (i1ibbs energy 1n this case is

. . .
G o=y, Gl +V G #+

RTiy, Inty. )+ v.Int700 + l'”'('}m .29

°G,., v, 18 the Gibbs energy of formation of iron in the
fee state and °Gp, . is the Gibbs energy of formation of
a fictitious fcc phase with all interstitial sites filled
with carbon i.e. an fec carbide.

The excess Gibbs energy, restricted to a single
interaction term, can be written

*G,, = VyaYclya, ¢ .30

As the substitutional sublattice is completely filled with
Fe the site fraction of Fe is unity and has been omitted.
The relation bet:veen the site fractions, y; and the mole
fractions is

1
X =
Fe 1+y,.
¥, .31
X =
1+y.

In the Fe-C system there is no fcc carbide but there are
many carbides with an fcc structure for example TiC
and VC. In these phases the stoichiometric deviation is
large towards the metal but it is usually very restricted
towards carbon as shown in Fig. 10 for Ti-C. In order to
demonstrate the effect of the restricted solubility due to
the interstitial sublattice the Gibbs energy curves at
1500 K for the same system is shown in Fig. 11. The
ration between interstitial sites and substitutional sites
for the hep phase is 0.5, for the fcc 1 and for the bee 3.
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Fig. 10. The phase diagram for Ti-C showing the wide

composition range of the fcc-carbide, modelled with a
sublattice model.

It will lead to a less good description of the entropy of
mixing for the phase if one ignores the fact that a phase
has sublattices and this error will lead to more
complicated excess Gibbs energy expressions. One
reason why the sublattice model is not used more
frequently is that it may not he obvious how to
calculate the carbon potential using eq. 29. Therefore it
is appropriate to give the basic equation how to derive
the chemical potential for a phase with sublattices as
derived by Sundman and Agren (1981). One must first
realize that one cannot calculate the chemical potential
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Fig. 11. The Gibbs energy curves for various phases in
the Ti-C system at 1500 K. Note that the sublattice
model ends at 1/3 for the hcp phase because there is 0.5
interstitial site per metallic site. The fcc pheve onds at
0.5 and the bee phase ends at 0.75.

for the components directly from eq. 27, but only for the
constituent arrays, I. For any constituent array I we
have the following chemical potential

3G, 3G,
G =G, +Z—- XLy} .32
1

dy; e i oy}
Inserting eq. 29 we get for the Fe-C system
G aG 9G,,

=G +— -y Yo

G

Fe:Va s
ayVa ayVa ayc
G G .G G, 96, .33
FQZC= m+_-yva—-y_
e e Oy
At equilibrium we also have
GF‘e:Va = GFe + G'Ja ...34a
G,,.. =G, +G. ...34b

As G is zero one may subtract eqs. 34a and 34b which
gives after some rearrangement

(}h = (;FQ:F -G

.
Fe:Va

Inserting eq. 33 we get
aG, G,
CATS

¥ =

Y
OGFa:r‘. - oGFe:Va + RTID('—C—) + (yVa - yC)LVa:c"'36

Va
It ia straightforward to generalize to more sublattices
and components starting from eq. 32 and generalizing

eq. 34.

Sublattices for intermetallic phases

Phases with restricted solubilities are often found in
alloy system. In the extreme case there is no solubility
and the phase can be treated as a compound. But if the
solubility is significant one should determine which

...35
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sublattices there are in the crystaliine structure. In
many cases it would be to complicated to use the full
structure so some of the sublattices may be treated as
identical.

One unforseen complication with the use of sublattices
for multicomponent systems might be that one must
use the same sublattice model for the same phase in all
systems. Thus if one makes simplifications of the real
structure such simplifications must be valid in other
systems as well. A particular example of this is the ¢
phase. G phases appears in systems with bcc elements
(A atoms) like Cr, Mo, V and fcc elements (B atoms)
like Fe, Ni, Co. The unit cell of the ¢ phase has 30 sites
divided on five sublattices. The first sublattice has two
sites, the second four anJd the following three have eight
sites each. The first sublattice is predominantly filled
with B type atoms, the second with A type atoms, the
third with B type atoms and the last two A and B are
usually mixed. Thus three sublattices are sufficient for
the modelling

(B),o(A),(AB),

However, there are some ¢ phases where this
distinction is not so strong and in order to be able to
handle such systems the following model has been
adopted

(B)g(A),(AB),,

Other intermetallic phases like i, R and Laves phases
can be treated accordingly. A system with many
intermetallic phases is the Fe-Mo system and the
calculated phase diagram from an assessment by A.
Fernandez Guillermet (1982) is shown in Fig 12.

Sublattices are also very important in
metal-nonmetallic compounds like oxides and
sulphides. In some cases these phases have
considerable compositional variation. In Fig 13 the

Temperature Ce'cius

JA S

800 . ¢ Laves priasey | . . "

Q 0 20 40 60 80 100
= Mole Percent Mo

Fig. 12. The phase diagram for Fe-Mo showing
several intermetallic phases modelled with the
sublattice model.
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wiistite phase region from the Fe-O system is shown.
This has been modelled using a two-sublattice model
with the fcllowing constituents

(Fe*?, Fe*’, Va), (07%),

At higher oxygen potential the fraction of Fe*’
increases in the wiistite. In order to maintain
electroneutrality one must at the same time increase
the number of vacant sites on the sublattice. The
constitutional triangle for this system is shown in Fig
14. The line in the triangle represent the neutral
combination of Fe*? and Va.
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Fig. 13. The Wiistite phase field in the Fe-O system
where the wiistite has been'modelled with two
sublattices, one with oxygen ions and on with Fe*?,
Fe'’ and Va.
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Fig. 14. The constitutional triangle for the wiistite

phase. Note that only the line 'from FeO to Fe,0,
represent neutral combinations of Fe*? and Va.

Sublattices for long range order

A final case where sublattices are useful is to describe
chemical ordering. There is a significant difference
between phases with sublattices of different types for
example 0, and phases with ordering transformations
for example fce Au-Cu. The reason is that the o phase
the sites have different coordination numbers wheras
the sites in the fcc phase are equivalent. If the

interactions are negative in an fcc phase there will
always be a transition between a state with a long
range order (Iro) and a disordered state, usually with
some short range order (sro). The Iro state can be
modelled with the sublattice model for example the bec
phase in Fe-Si system as shown in Fig. 15 where the
B2/A2 transition 18 shown as a dashed line.

The treatment of Iro ordering presented by Bragg and
Williams (1934) was identi.al to a sublattice model
although they used an ordering parameter as
independent variable.
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Fig. 15. The phase diagram for Fe-Si with the second

order transition from A2 to B2 for BCC shown as
a dashed line.

Quasichemical models

Systems with a strong negative interaction has a
tendency for ordering i.e. unlike atoms like to be
together. This has a significant influence on the
entropy of mixing and the assumption of random
distribution is no longer very good. Even without Iro
the negative interaction has a considerable influence on
the sro contribution to the Gibbs energy for the phase.

A correction of the entropy of mixing called the
quasichemical model was first suggested by Bethe

(1935). In this model one assumes that the bonds
between A ana B atoms are distributed randomly. The
bonds are related by a simple chemical reaction
formula with a Gibbs energy of reaction

A-A+B-B=2A-B AG, .37
This gives the following Gibbs energy expression
G, =y,s4G,; + RTiy, Inty, ) + yInty s +

Yapln(y,p) + ¥,y ,)) .38

where y, = y_ . The mass balance conditions requires
that the mole fractions of A and B are given by

=Yt Yas
.39
Xz = Vga + Vs




Eq. 38 can be generalized by introducing the number of
bonds per atoms, z, but that is not important in this
case. It is easily recognized that eq. 38 is identical to
the Gibbs energy expression of a gas phase with AA,
BB, BA and AB molecules (the Gibbs energy of
formation of AB and BA molecules are the same). In a
gas phase the molecules are independent but in a
crystalline phase the nearest neighbours to a site must
agree what atoms are placed in each site. In order to
correct for the overestimation of the entropy in eq. 38
the following expression have been suggested

G, = y,:0G,; + RT(y,,In(y,,) + yalnlyge) + yuulnty, )
+ ¥galn(yg,)) - RT(x,In(x,) +x;ln(xy,)) ...40

Even with this correction eq. 40 is valid only when the
short range order is small. However, eq. 40 has one
important property, if AG,;, is zero then there should be
no sro and eq. 40 should be identical to an ideal model.
In this case we have

Yan = X3
Yan = Ypa = XaXp .41
Yoe = Xg

By inserting eq. 41 in eq. 40 we find that this becomes
identical to eq. 17.

Cluster Variation Method

A more elaborate model for ordering, called the cluster
variation method (CVM), has been developed by
Kikuchi (1951). In this model one not only takes
pairwise bonds into account but also "clusters” with
three, four, five and more atoms. Each of these clusters
will have a Gibbs energy of formation from the number
of AB bonds it contains. And the entropy expression has
a correction term in order to take into account the fact
that the clusters share surfaces, edges and corners.

Indeed this model may seem very far from a model for a
gas with molecules but actually it is not so. In Fig. 16
The Gibbs energy curves for three possible models for
an ordered system is shown. The upper curve is for an
ideal model with only the components A and B. The
bottom curve is for an "associate” model or gas with the
five clusters A,, A,B. A,B,, AB, and B, The
intermediate curve is for a tetrahedron approximation
of the CVM model with the same five clusters.

"If the Gibbs energy curves are not very different the
entropy curves may be. In Fig. 17 calculations of a
prototype phase diagram for an fcc phase with L1, and
L1, ordering is shown using three different models and
the same nearest neighbour bond energy, from a paper
by Sundman and Mohri (1990). It is very difficult to
obtain the same diagram using only the sublattice
model because this model ignores the short range order
contribution and thus underestimates the stability of
the disordered phase.
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Fig. 16. The Gibbs energy for three different models
using the same nearest neighbour bond energy.

The regular solution model with just one interaction term
is the highest curve. If one attempts to describe short
range order by introducing associates, in this case the
three associates A B, A.B,, AB, was assumed, the
bottom curve is obtaind as the associates increase the
entropy of mixing. Fially, if one corrects the entropy
of mixing by considering that the associates will share
corners and edges in the crystalline lattice one
obtains the cluster variation method (CVM) and this

is given by the intermediate curve.
« Monte Carlo

. CVM (sro and Ir0}
.. CVM(sro) - BW(iro}

1 0 — 1 It ! — 4
09 7

Reduced lemperature

03 04 05
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Fig. 17. This figure is a prototype phase diagram for an
fcc phase with ordering. The dashed lines have been
calculated using the CVM tetrahedron approximation
for both the disordered phase and the ordered. The full
lines show a calculation using CVM for the disordered
phase and the sublattice model for the ordered phases.
Finally the tie-lines are from a Monte-Carlo calculation
by Binder.

Dilute models

The first application of thermodynamic calculaticns in
metallurgy was made at a time when all calculations
had to be made by pen and paper. At that time one
could only handle dilute solutions and stoichiometric
compounds and a number of simplified models as
proposed, the most well known in metallurgy by
Wagner (1952). In this e-model the activity coefficient of
a solute is assumed to be linearly dependent on its
concentration whereas the solvent is assumed to obey
Roults law.




80

Such a model may account for experimental
information in the dilute range but the model is
actually thermodynamically inconsistent as it violates
the Gibbs-Duheim relation. Therefore one should not
use such models in computer software for
thermodynamic calculations, and in particular so when
Bale and Pelton (1986) and Hillert (1986) have
developed a method to incorporate the ¢ parameters
into a regular solution model which actually extends
the composition range for which they can be applied.
Following Hillert the transformation is given by

°G,=RTy{ +0.5RTe .42
L,,=-058RTe ...43
L, =RTuve, -050e,;+€,.0) .44

where 1 denotes the solvent and i and j solute atoms.
Note that the terms °G, are dependent upon the
solvent. The parameters in eqs. 42-44 can be used in a
substitutional regular solution model according to eq.
18,

Sublattice models for the liquid

Most liquids can be described fairly well with the
substitutional regular solution model. However, in
some cases sro is significant and this has lead to the
use of the associate model in some systems.

In the liquid phase there are no sites like in a
crystalline phase and thus the use of sublattice for
liquids may seem artificial. However, already in 1945
Temkin (1945) showed that molten salts could be
successfully described using a two-sublattice model
with cations mixing on one set of sites and anions on
another. In accordance with experience a liquid
dominated by one cation and one anion would have very
low entropy of mixing according to this model. The
alternative mode! would be to assume that t! ions
formed “associates” in the liquid.

In particular when mixing four salts, A C_.AD_.B_C_
B D, we obtain a reciprocal system as shown in Fig. 18,
taken from Hillert and Staffanson (1970), with A and B
in the first sublattice and C and D on the second.

(AT BTHCT DY

If all ions have the same valence the Gibbs energy
expression for this liquid is identical to that for a
crystalline two-sublattice model. However, if the
valences of the cations or anions are not equal one must
find some method to maintain electroneutrality in this
liquid. one method i3 to use equivalent fractions defined
by
N_ ‘a
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Fig. 18. The “me surface for a reciprocal system

showing the relation between the reciprocal energy,
AG and the four corner compounds. In general the

surface will be curved.

NJe .45

Z.= ———

Nc+ Nyd
where a, b, ¢ and d are the valences of A, B, C and D
respectively. However, the use of equivalent fractions
has the drawback that it is impossible to extend the
model to systems with neutral constituents. Therefore
another model have been developed which can be
extended both to systems with only cations (i.e. metallic
systems) and also to the non-metallic liquids, for
example liquid sulphur. This model is called the ionic
two-sublattice liquid model (Hillert et al, 1985) and it
uses site-fractions as constituent variables. In order to
handle a liquid with only cations, i.e. metallic liquids,
hypothetical vacancies are introduced on the anion
sublattice and in order to extend the model to
non-metallic svstems one introduces neutral species on
the anion sublattice. The model can be written as

(CY1) (A} Va,BY),

where each pair of parentheses surround a sublattice. C
represents cations, A anions, Va hypothetical vacancies
and B neutrals. The charge of an ion is denoted v, and
the index i is used to denote a specific constituent. The
superscript v, on cations and anions as well as 0 for the
neutrals will not be inriuded in the following text. The
nu.nber of sites on the sublattices, P and Q, must vary
with the composiiion in order to maintain
electroneutrality. The values of P and Q are calculated
from the tollowing equations

P=2;(-Vi)yh‘+vaa ...46

Q=2vy., .47

where y denotes the site fraction of a constituent. P and
Q are simply the average charge on the opposite
sublattice. The hypothetical vacancies have an induced
charge equat to Q.




The ordinary mole fractions can be calculated from the
site fractions in the following way for the components
which behave like cations

P+Q(ly,)

and for the components which behave like anions or
neutrals

.48

XC‘

D
P+Qly,)

Xp, = .49

whore D is used to denote any constituent on the anion
sublattice. Eq. 49 cannot be applied to vacancies,
however, because the mole fraction of vacancies is zero
of course.

The integral Gibbs energy expression for this model is

Gm = Z,Z.yctyhjoGCuAj + vaaz.yCIOGct + Qz.yaioGﬂi +
ij 1 1
RT(PLy, In(y. )+ QZy, In(y, ) +
i i

Yvalnlyy,) + Zy, In(y, ))) + *G,, ...50
i

where °G_ . A, is the Gibbs energy of formation per

(v, +(-v,)) moles of atoms of liquid C;A;. °G. and °G,
are the Gibbs energies of formation per mole of atoms of
liquid C, and B, respectively. The factor Q in front of
the second and third sum comes from the variation of
the number of sites with the composition. Note that G |
in eq. 50 is defined for P + Q(1-y,,) moles of atoms. The
term multiplied with RT is the ideal entropy of mixing
and %G _ is the excess Gibbs energy.

Eq. 50 may look formidable in its complexity and one
may wonder if simpler models cannot be equally useful.
This criticism misses its point because eq. 50 is the
general multicomponent expression and this model is
indeed identical to simpler models in many special
cases. The great advantage with eq. 50 is that it allows
a continuous description of a liquid which changes in
character with composition. Eq. 50 has successfully
been used to describe oxide liquids, silicates, sulphides
as well as liquid short range order, moiten saiis and
ordinary metallic liquids.

A remarkable feature of eq. 50 is that is becomes
identical to the associated model for some very simple
systems, for exa..ple the Cu-S system with a Cu,8
associate. The assumptions behind the associate modet
and the ionic liquid model are very different and this
shows clearly that one cannot make any statement
about the true nature of a system just because a
mathematical model, based on some physical picture of
the system, gives good result. It may be possible that
another physical picture of the system will yield exactly
the same mathematical model.
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Fig. 19. A phase diagramn for a multicomponent steel.
The aim of the modelling |described in this paper is
to be able to make extrapolations into higher order
system in order to predict the properties there. The
curves are "zero phase fraction" lines and the digit
on the curve indicate the phase that is stable with
zero fraction along the curve.

Final remarks

A large number of thermodynamic models have been
developed for alloys and related systems. However, on
closer inspection most of these models are very similar
with some minor differences. It thus seems possible
that in the not to distant future the number of models
used will be quite small which will improve the
cooperation towards a generally applicable
thermochemical database.

The importance of such a database is clearly evident if
one knows what is currently possible even with a very
limited database. YVith the use of phase diagrams like
the isoplet shown in Fig. 19 for a steel with eight
component, it is possible to de. civp new materials with
better properties and at a lower cost.
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Abstract

We have developed a high resolution thermal analysis set-up that allows the
control and programmation of the temperature within a working space. In our
system, with a sample of less than 2 g in mass,
tion and reproducibility about 0.005 K. The maximum amplitude used is near 70 K. The

07071 Palma Mallorca ( Spain )

accurate
experimental

it enables us to work cycling with a resolu-
system

has been built in a very simple way and the working domain lies around the room temperature.
This controlled system has been applied to the study of the evolution of the martensitic tran
sformation in Cu-~based shane memory alloys. The available measurements are:

a) Acoustic emission (A.E.) observation. b) Optical microscopy (until 700x) and simultaneous
video recording for further study (260-360 K). c) Resistance changes with a resolution near

0.1% for resistance values of 1 milliOhm. d) High resolution DSC (223-353 K). With

suitable

signal processing, it gives a resolution near 1 uVv equivalent to 3 uW.
Multi-interface effects in resistance measurements (dependence of the resistance on both mass

and number of intertaces) heve been observed.

L. Int _oduction
Shape MEeMOT Yy alloys e very
rmteresting because of 1t pescible

ver banloglical applaications ana also because

nf basic scientific interest (see Delaey et

al, 1989 and references therein) . The
Fhange in shape 15 obtained from a
martensitic transformation with g ¢ 2lastively

lnn hvsteresis in "thermoelastic” processes.

The  martensitic transformation 1s  a
order phase transformation between
phases and 1ts behaviour 19 not

firot
~etastable
1deal. There are many phenomena influencing
W transfarmation: 1) Thermoelasticity: the
apnrtaneous transformation 1n a gqiven sample
wh e free- does not
tmper atures 3t 1% NeCoReary 4 continunus
(overheating) to force the
(retransformatios) going an.

occur at a4  given

corter cooling

tranfarmation

11} Stabirlaisation: Diie to it fusive
DrOreaees, the relative stability of the
ihacses  rhange  with ageing time an one  or
ntheor rhase. This evolution depends on

thermal treatements. t11) Pinning processes:
Tha nranresaion aof the transformation 15, in
general, non-continuous or "burst-like”. The
no~ition nf the 1nterphase remainc stopped
1 some pointo, and then a sudden evolution
may follow (burst-type
tranaforming and re-transforming,

tranaformation) . in
symmetric

hehavioar Appears but, in local
nbservatione, an ascymetrical behaviour 1s
aohrer o, [ AR Tt width of the hysteresis
ooy Lo Depends, on thermomechanical
treatment on aneing tinse and on deffects
concentratior on the cample.

The mactynned phenomena are related to
the maan poaohlems, found an applications  of
the ~hape mEerme oy allnys, It 1% qui te
Arffacait tg ot reproducible results, an
the nradoact pon 3 training prodesses and 1n
S o6 freavnfarmation seems stochastic).
Thoer, M 1o ovecreaar sy fo have an accurate
PRI IUR AT S A MRATA Alloy behaviour in the
trarvefarmat oo, ine Tuding complete

character gy sat i anft to have also a

tnawledge  aof tte aneing effects

good
after the

rroduction and training processes.

Diverse
order to

measurements can be done in
characterise the martensitic
transformation, These include: aoptical
(thermomicroscopy), to monitor
the interphase positions and changes in
dimensions. Electron microscopy (SEM and/or

microscopy

TEM) , with the same purpose, plus the
ability o look at the corystallographic
structures and nat anly to wmorphology.
Elect:1c rezistance (resistivity)
measurements, which may give also an
indication of the degree of transformation

achieved.
change
cample.

Enthalpy changes,
between different states of the
Accoustic emission, which measures
the existence of burst-like processes in the
sample during the transformation.

which give a

These
sensitivities

techniques have different
respect to the detection of a
certaln deqree of transformation. Then, care
=hould be talen 1nto account when different
~oasurements realised with several
technigues are to be compared. Our purpose

i TooRave 3 o syotam owhiich allows different
meacuromentes tao be performed together, 1n &
“antrolled  way, 1 order to get a better

understanding of the transformation
n Cu-based chape memory alloys.

process

Z.cExperimertal set-up
The expeor imental set-up 15 a
temper st e cant ol led copper  plate, an

whaich 1t g poneaible to place the sample to
te nboec.ed and | haracterised (see fig. 1.
The ~annle

<10 ronsidered ie relatively

a1l Catisat PSan o« 3mmo* lommo in order to

ohtairn  nond reaponse times 1n temperatur e
{Hoat Ay o nn 19 a limiting factor),
amaby i PApe e e temperature control and

seproducibility.

The conpper plate 15 heated or cooled
by vse of the Peltier effect. The
temperature 15 controlled by o computer,
Pt-100 platinum resistance
fresalution 1 mOhm) . The temper ature control

with a




]
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15 done by using the transfer function of
the system, together with a feed-bact
correction to account for room temperature
changes during the measurements, as has been
described elsewhere (Amengual and Torra,
1989; Amengual et al, 1989). The resolution

and reproducibility of the temperature
esolutians of the system are about 0.0032 .
This has made possible to note that

reproducibility in accoustic emission may be
cbeerved with a very rigurous temperature
control (Amengual et al, 1987), suggesting
that pseudo-randaom behaviour may be induced
ty non-reproducible external i1nfluences to
the cample and mixed effects with histeretic
"ehavicur of the csurface martenrnsite.

The optical MIiCcroscopy is easily
zcomplisted with the system shown in fig. 1,
erabling, in the 700x magnification, to
cbserve  small cmanges 1n the amount of the
phases present 1n the martensitic transfor-
mation (resolution in A\x about 1 pm).

He determine resistance changes better
than resistivity of a sample, because of
zhape changes and non-homogeneity during the
martensitic transformation. We use the four-
~o1nt method with appropiate contacts. The
resistance of a standard sample (lenght @22
nm, width 2 mm, thickness 0.3 mm) 1s about 1
~0Ohm, The changes in resistance associated
~ith the transformation are near 10 %4 The
rntensity  applied 15 about 0.1 A, which
l=ads to an ernergy dissipation by Joule
affect of about 0.01 mW, nominally enabling
the  obtentinn of simultaneocus calorimetric

nforration,

The recistence has been measured using

“wn alternative methods (Amengual et al.
T A The firgt one using an A/D board in
e romputer and a numeric phase-sensitive
Totes bong with a resolution near to 0.1 %
e the  meacured resistance values. In the
aonmt methord, the computer devoted to the
Somper At e rontrol also nproduces a
cotangala 1ntensity waves It switches a

relay that changes the sense of the current
“applied to the sample by a stabilised

S, anrd triggers the measure of the
rotentyal 1 0n the cample and the current
flowing realired by two digital multimeters
fres Al ymes T ), The final vesalotion

obtained 1s near to the one obtained with
the lower-cost procedure (using the A/D
board), but the temperature control can be
better with a careful synchronism of the
processes and the temperature rate is
intreaased.

The DG analy/sts 1s obtained by means
nf  two plates nf thermoelements MELCOR with
1 cm#e2 of area connected 1n uifferential.
Due tn the 1mperfect drfferentiabilaity of
the syatem, the temperature program gives a
continunus  change 1n the base line. Also,
the intensity fluctuations n the
thermoelements heating/cooling the copper
base 1nduce predi tible fluctuations in the
ocutput. The effect of the fiuctuations in
the imtensity 1n the thermoelements can be
~emoved by substracting the result of the

Fig. 1.- Experimental set-up used: A)
thermal bath at room temperature. B) Brass
bleock. Cs Peltier effect elements
(heating/cooling). D) Platinum resistance
thermometer, Pt-100. E) Supports. F) Working
area, at a programmed temperature T(t),. G)

Mechanical load {(stress) applied to the
sample. H) Sample,
To perform DSC, the sample is placed on one
of two thermobatteries connec ted in
differential, both placed on the controlled
temperature area.

convolution of this i1ntensity fluctuations
by using the initial calibration (obviously
temperature dependent). After this
correction and the corresponding to the ones
induced by the fact that the sensitivity of
the thermoelements depends or temperature,
the uncertainty in  the base line 15
estimated to be +0.00! mV which corresponds
to an amount of heat power released in the
campie garea around 0.003 mW. This is  one
order of magni tude better than the
resolution of standard DSC analyzers (see
for instance, Perkin Elmer, Setaram and
others) .

F.-Results

. As an example, let us consider the
results obtained regarding to optical




mICroscopy and simultaneous resistance
measurements. A monocrystalline sample of
Tu-16.7 0 Al- 1401 Zn (weight %) stress-free
and with a sl.ghtly stabilished, monovariant
-artencaite plate,  was thermally cycled with
Arfferent amply tudes, recording both the

i ban o satues and the 1rage (dimensiong
2% the martensite plate). In fig. (2) are
[aRar’"ial the resi1otance versus temperature

“ain. 2A)d and the martensite plate width
sorous temperatoure (fig. 2B). Temperature
arnlitudes are N,9%G ¥ and 0.30 K., From fig.
SN 1t can be concluded that, in single

terphase single variant transformation the
strictly
materaial

S ange 1N romaastance 15

e b raeal tos the ameunt of

S e, Eo e

1
2,33, A
2.3204
Q
£ 2.0
—
x
2. 300
2.290-
T T T T ¥
t9.18 19.24 13,37 19.50 19.63  T(°C)
!o.*F 8
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-
J
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=
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v
THY 1wl2e 1sly 150 1%l (oC)
Ein. D A desictance oo osus temperature
Foor e e it o b manoasar 1ant martensitic
' f 5t . [ Dot Jtian positiaon
o ealent teo bhe moar tio v b ate eeft
e ber b 30, g t o Pl L ame processos
£, Vit &

85

However , if we consider multi-
interphase transformations, the situation 19
more complicated and only mass-dependent in
the statistical cense. In fig. (3) we show
the evolution of the resistance and
temperature with time for a sample with the
same composition than the previous one. The
sample 1s subjected to a small tensile
force, but by cooling a martensite plate
previously precsent grows, interacting with
two self-accomodated microplates, and then
growing to form two martensite plates linked
by the microplate (fig. 4). As can be seen
from the resistance evolution from cycle to
cycle, the transformation produces a very
complex pattern of the resistance behaviour.

2.04 T
2.034
£ 2.0
o
0
.61
< 20
2.004
1.9
200 «do 00 %) 1000 1200
Time ts)
e e O G T LI S Y N e P
Frg. 3. Tompes atuare e o : !
a function of t1me for 3 comprles

transformation.

Fig. 4. -Schematic representation of  the
morphology in the transformation
corresponding to the resistance values of
fig. O in first place fa), one martensite
plate grows. Then, two self-acromodating
variants of martensite intercept the
plate (b, stopping the growth process.
Finally,(e),the martensite continues growing,
aeoerating sacre beta-martensite interphases.

first

4, -Conclusions

We have developed a system that allows
the accurate control and programmation of
the temperature within a working space to
ctudy transformatinn cycles in shape memory
alloys.
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From this experimental set-up we have
obtained results concerning multi-interphace
effects in resistance measurements
(dependence of the resistance on both mass
and number of interfaces). Other
possibilities appear in the high resolution
thermal analysis: studies of transformation
temperatures vs. time by ordering processes,
defects production by cycling, intrinsic
parameters studies (thermoelasticity in
stress free processes) and the evolution of
time scales with annealing in beta or
martensite phases.
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ELECTROCHEMICAL EXPERIMENTS WITH COMPOSITE ELECTROLYTES
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Abstract

Following the review of solid electrolyte studies presented Prof. Pratt at the Vienna meeting, the present state of the art
simple galvanic systems is briefly reviewed. It can be seen there are a number of shortcomings in the technique involving
a composite of solid electrolyte with a sen dispersed phase wich enlarges the scope of the method is present. Examples are
drawn from studies with stable oxides, sulphid carbides and hydrides.

Introduction Cu/CuS/Cas | CaF, | Fe/FeS/Ca$S
At the Vienna meeting, Prof. J. Pratt
presented a comprehensive review of solid In this cell the sulphur potential in each
electrolyte systems which showed the electrode establishes a calcium potential
potential for the determination of alloy due to the presentce of an admixture of
thermodynamics using galvanic cells calcium suiphide, and the resulting calcium
incorporating electrolytes in the solid potential gradient between the electrodes
state. Two alternative approaches which have establishes a fluorine potential gradient
been successfully applied are typified by across the Can electrolyte in which the
the pioneering work of Rapp and Maak (1)- who fluoride ion has unit transport number.
used a zirconia electrolyte Jacob, Iwase and Waseda (4) extended
this principle by using a sodium
Ni/NiQ | zrochaaléﬁ | Cu-Ni/NiQ ion~conducting electrolyte B alumina for the
measurement of a sulphur potential gradient.
and Aronson (2) who used a fluoride They used the cell
electrolyte

pHZS/pHZ/NaZS | Na/B-Alzo3 | Nazs/p'HZS/p'H2
Th/ThF, | CaF, | ThF,/ThC /C
in which the sulphur potential gradient

The first cell measures an oxygen potential imposed a corresponding sodium potential

gradient, which in turn is related to the gradient because of the presence of sodium

nickel chemical potential gradient. The sulphide at each electrode interface with

second cell measures a fluorine potential the electrolyte.

gradient which is inversely related to the Finally, these same authors (5) used a

thorium potential gradient.. Since the two-phase mixture of Cas and 2rO(Ca0) as

carbon activity in the right hand electrode the electrolyte between two gaseous mixtures

is unity, the results may be used to measure with fixed sulphur potentials thus

the Gibbs energy of formation of thorium

dicarbide. Ar/HZ/HZS ] CaS+Zr02(CaO) | Ar'/Hzr/HZS,
Extensive use of the fluoride

electrolyte has been made in a number of In each case the electrochemical circuit was

other directions such as that used by completed via platinum contacts.

Wworrell (3) tu measure the stabilities of . There are a number of experimental

sulphides, as typified by the cell. difficulties associated with these schemes
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for electrochemical measurement, amongst
which must be numbered: (1) The appearance
of a significant electon transport in

stabilized zirconia at low oxygen
potentials. Thus for systems as stable as
Mn/Mn0O, it is necessary to use thoria-based
electrolytes. These are not popular nowadays
because of the radiocactive hazard associated
with the use of thorium. Also these latter
have a lower conductivity than the
corresponding zirconia-based electrolytes,
and can only be used at low temperatures
500°C)  with

electrodes. (2) The use of =zirconia as a

(less than about liquid
base for any other ionic species measurement

than oxygen, presents the electron

conductivity problem again. Despite the
ingenious solution to the problem presented
by Jacob et al., who used a secondary point
elctrode with a catalytically active tip to
avoid the effects of the oxygen atom flux

through the electrolyte resulting from the

low oxygen potential, it 1is desirable to
find an alternative approach.

One other use of fluoride electrolytes
which should be mentioned here, is the
application of a IaF /BaC, mixture by
Collters and Belton (6) wﬁb measured the
stabilitics of chromium carbides with cells

such as:
Cr/Cr}xcb | Bar +BaC, | Cr, C/Cr.C,

in which a carbon potential gradient in the
electrodes establishes a barium potential
gradient in the electolyte, and hence the
inversely related fluorine potential
gradient.

From the examples given above it wiil
be clear that the fluoride electrolytes hold
promise for a wide range of application in
high temperature thermodynamics. It is also
clear from those studies that the technique
of imposing an alkaline earth potential
gradient or a fluorine potential gradient by
means of external electrodes produces cells
which reach a steady potential only over a
long period of time, in some instances

several days.

The solid solutions formed by alkaline
earth halides such as CaFa-YF3 and SrFZ—LaF3
have considerably higher electrical
conductivities than the corresponding pure
fluorides. In electrochemical cells hased on
the SrFZ—LaFJ electrolyte it has been found
that the achievement of a steady potential
in an electrochemical cell incorporating
this material was much more rapid than when
the pure fluoride was used. This electrolyte
has formed the basis of the studies which

are now presented.

Experimental Procedures
The preparation of polycrystalline
SrFZ—LaF3 solid solutions must be made under
glove-box conditions because or the
hygroscopic nature of these fluorides. 1In
order to avoid the formation of surface
oxides due to hydrolysis by moisture in the
air, it is useful to mix some (NH4)HF2 with
the fluoride mixture before pressing into
pellet form and firing. The decomposition of
the ammonium bifluoride leads to the
evolution of HF gas during the firing
procedure, and hence fluorination [$34
contaminating oxides is achieved during
fabrication. After firing at temperatures
around 1100—12OOOC, the material becomes
quite insensitive to moisture in pellet
form. This observation does not preclude the
possibility that a very thin layer of oxide
forms cover the surface of the pellet
immediately on removal from the furnace. In
the present stuies a two phase mixture was
prepared by adding either strontium or
lanthanum oxides to the fluoride solid
solution in order to wuse this dispersed
mixture as an oxygen-sensing electrolyte.
This dispersed phase does not significantly
change the electrochemical or conduction
properties of the electrolyte, unkike a
cdispersed phase of Al;%, which is known to
enhance the conductivity of CaF2 (7y. 1In
this instance it serves to fix the strontium
or lanthanum activity and hence fluorine,
potential gradient across the electrolyte
when it is in contact with electrodes which
in turn impress an oxygen potential gradient

as in the cell




Cu/Cu20 | SrFZ-LaFS,SrO | Ni/NiO
This electrolyte funtions as well as
stabilized zirconia as the electrolytz in
oxygen galvanic cells, and has been used
with liquid electrodes down to 300°c, as in
the cell

In(l)/In203 | SrF,-LaF_,Sr0 | Sn(l)/SnO2
obtained in

for which EMFs have been

agreement with those calculated from

thermochemical data. In fact, Japanese
workers have recently demostrated that LaF3
sigle crystal can be used to measure the
oxygen content of water at room temperature
(8).

After

incorporating SrC or La203 the

tiring the electrolyte
pellets
should be stecred in a vacuum desiccator, but
this 1is not so critical as with other
dispersed phases. The dispersed sulphide,
SrS, which SrFZ-LaF3

electrolyte into a sulphur potential

converts the
sensor
was difficult to use satisfactorily until it
was realized that after firing, the sulphide
particles at the surface of the commposite
electrolyte were hydrolyzed to yield a layer
of oxide on the surface. When the fired
SrF -LaF_, SrS$ pellet was heated in a sealed

quartz ampoule with a mixture of Ag, Ag.S to

re-convert any superficial oxide to
sulphide, and subsequently stored in a
desiccator, no difficulties were
encountered.

A hydrogen sensign electrolyte has been
described which is similar in operation to
the fluoride systems described above by
Gnanasekaran et al (9). This electrolyte was
used to mmmitor hydrogen dissolved in liquid
Li/LiH
electrode. The CaClZ—CaH2 system has a

sodium, and uses a reference

crystal structure in which hydrogen and
chloride ions occur in alternate layers, and
has a hydrogen ion transport number close to
meter which was

unity. The hydrogen

constructed using this electrolyte

“inrtisned a+ 450°C in liquid sodium for two

to three months continuously. For such a
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practical application the meter must be
rugged, and this was achieved by the use of
thin-walled iron chambers to contain the
reference electrode and electrolyte
assemblies. Rapid chemical equilibrium for
hydrogen potentials was obtained by
diffusion of hydrogen through these iron
containers. The cell construction could be

described as
Na(H) | Fe | CaClZ—CaH2 | Li/LiH

Finally, a carbon sensing composite

electrolyte has been prepared with a
dispersion of LaC, in the fluoride base
electrolyte, and this is best sintered in
the composite pellet form surioundea by a
layer of powder of the same composition to
maintain the carbide dispersion.

In all of these composite electrolytes
except the hydrogen electrolyte, the base
electrolyte was chosen to be 70 mole % Ser
30 mole % LaFa, as this was found to have
the maximum conductivity in the solid
solution range which extends up to at least
50 mole % LaF_. The dispersed phase was
3-10 mole

dispersoid-dispersoid

usually present to the extent of
%. This
contacts, and hence the intrinsic conduction

prevents

properties of the dispersoid does not affect
the conduction path of fluoride ions in the
electrolyte.

RESULTS AND DISCUSSION

The Oxygen-Sensing System

The use of oxide-dispersed fluoride
justifed
if it can be shown that there is an

composite electrolytes can only be
experimental advantage over the
well-established zirconia electrolyte. This
advantage should be looked for either in the
realm of lower temperature of operation, or
in lower oxygen potential application. As
far as the first criterion is concerned,
there appears to be little advantage over
zirconia, since it appears that the sluggish
of cells

response incorporating this

electrolyte at low temperatures, i.e. below

500°¢, is usually due to kinecic barriers at
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the electrode/electrolyte interface(s), and
not due to the performance of the
electrolyte. However, at the low oxygen
potential range there are distinct
advantages over zirconia. The electronic
properties of the dispersed oxide phase do
not affect the performance because of the
lack of continuity in the dispersoid. The
fluorides are amongst the most stable
fluorides and should thus be unaffected by a
low oxygen potential.

As an initial test of this analysis,

the EMF cf the Cell

Cr/CrZO3 | SrF_-LaF_,Sr0 | NbO/NhO

was measured and found to vyield acceptable
values in the temperature range 600-900°C.
This contrasts with the values of Hoch, Iser
and Nelken (10) which gave low EMFs because
of semiconduction in the cell

Nb/NDO | 2r0,-Cal | NbO/NbO,

The cell used by Steele, employing a
ThOz-Y203 electrolyte (11) gave accurate
EMFs but only above 850°C for the cell

NbO/NbO, | hO,-Y0 | Fe/FeO

In this case the fluoride composite has
advantage both from the temperature and
oxygen potential point of view. Preliminary
results indicate that this electrolyte may
be used successfully in the cell

Al/AL O | SrF,-LaF ,Sr0 | Nb/NbO

which would make a wide new range of studies
possible in, for example, the Ti-0,2r-0
systems at the metal-rich end.

The Sulphur-Sensing System

The dispersion of SrS in the fluoride
electrolyte has been tested with only a few
electrodes. Those used include
Ag/Agzs,Cu/CuZS and Fe/FeS in the
temperature range 425-725°C. The cells
incorporating these electrodes displayed

Ciive in Jood agrement w.th those calculated

from literature data, but, at the higher
sulphur potential generated by the Ag/Agzs
system, there was evidence of
short-circuiting after a few hours of
operation at the highest temperatures due to
vapour-pnase transport from one electrode to
the other. The use of & two compartment cell
incorportaing an electrolyte plug in an

alumina tube, would seem preferable for

cells with high sulphur potential
electrodes.
Unfortunalely the sulphur-sensing

electrolyte cannot be tested satisfactorily
at low sulphur potentials because of the
absence nf accurzie datz from nther sources
with which to compare. This 1is principally
because the Hz/st gas-solid equilibrium
technique can only be extended to partial
pressures of HS down to about 10"®  atmos.

Below these sulphur potentials the
dissociation pressure of sulphur vapour is
too low to measure by mass spectrometer, for
example, uniess the temperature 1is very
high. There appears to be a large

opportunity to exploit this new technique in

the study of stable sulphides.

The Hydrogen-Sensing System

The example given above of a hydrogen
meter for liquid sodium suggests that high
temperature hydrogen sensors based on other
halide electrolytes could be developed.

Apart from the measurement of the
stabilities of metal hydrides, which this
technique makes possible, the measurements
of hydrogen solubilities in metal alloys
might be valuable in connection with the
Fermi surface variation with composition
(12). This technique can also be applied in
the measurement of integral Gibbs energies
of formation of alloys (13).

The Carbon-Sensing System

Experimental work is in hand at the
Center for the measurement of carbon
potential by means of the electrochemical
cells

€ | SrF -1 Tar | V“/MOZC M
: . 3 .

<




C | SrF_-LaF_,LaC | Cr/Cr_C II
2 3 2 2376

Cr/Cr_C | SrF_-LaF_,LaC | Mo/MoC III
2376 2 3 2 2

Clearly the IMF of cell III should be

to the difference between those ot

equal
cells I
Results are complete for cells I and
IT1 at the time of this

and II.
discussion
number of

In such carbide

meeting,
after overcoming a experimental
difficulties. cells it is

imperative that the oxygen partial pressure
be kept as low as possible so as to avoid
carbon transport in the vapour phase by the

Roudouard reacticn
C + CO. — 2CO
2 —

which can move carbon from one electrode to

the other. At the present time, the use of
titanium as a getter at 800°C for the argon
stream which is to pass over the
electrochemircal cell, seems to have achieved
this result. Tantalum foil mounted 1in the
cell was found to be unoxidized after a few
days of cell operation. The cell EMF
responds rapidly to temperature change and
thus the electrolyte holds promise as
carbon sensor. The complete results for the
triad of cells shown above should be
available for publication in the near
future.
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Abscract.-

The Gibbs free energy of
alloy relative to the stable

formation of an “ideal" glassy
crystalline phases at the same

temperature can be deduced by use of thermodynamic arguments.This

paper discusses the success

the Gibbs free enerqgy of

formation curves of the glassy alloy as a function of composition
to describe the glass forming ability in the As2Se3-Sc, SbaSes-Se

and As2Se3-Sba2Sez systems.

1.- Introduction

Glasses of the As2Ses-Sba2Se3-Se system
have applications as photoconductive sensors
and, in general, as semiconductor materials.
The study of the liquid structure and its
influence in the metastable states to <hich
the undercooled 1liquid will evolve gives
further insight on the formation of glasses
in this system. The liquid structure of the
elements and compounds is well known. Liquid
Se can be described by an equilibrium
between polymeric chains and ring molecules
(Keezer and Bailey 1967). Liquid As2Se3 is
formed mostly by bidimensional grouping of
AsSessz (Lucovsky 1969). Finally, liquid
Sb2Sez contains associated complexes of
SbzSe3s (Satow 1978, Ghosh et al. 1989).

As a part of our general work on the
study of the mechanisms responsible for
glass-forming ability (GFA) and thermal
stability of some chalcogenide melts, we
report here on the Gibbs free energy of
formation of the glass or Gibbs free energy
difference between the ”ideal” glass and the
stable crystalline phases at the isentropic
temperature as a measure of the driving
force for eutectic crystallization
(Clavaguera-Mora et al. 1989). The Gibbs
free energy of formation of an alloy glass
of any composition within the ternary system
is calculated by taking into account the
heat capacity difference between the liquid
2~1 the crystalline element or compound. For
the solid phasc we assume that there 1is no
miscibility between Se, Aczzfer  and/or
SbzSe3. For the liquid phase we assume tnat
it can be treated as a strongly associated
regular (SAR) solution (Clavaguera-Mora and
Clavaguera 1982). The results obtained are
correlated with the known glass forming
region in the system.

2.- Thermodynamic approach

The goal of this study is to discuss
and make reasonable predictions of glass
formation in a simple eutectic system by
calculating the Gibks free energy of

formation of a glassy alloy. The calculation
needs a model for the 1liquid solution and
its transformation into a glassy alloy. We
will assume that the liquid phase is formed
by AsSessz and/or SbaSes complexes in
thermodynamic equilibrium with the
{(uncombined) As, Sb and Se atoms. The
assumption of the existence cf complexes is
not new as it was already stated by Berkes
and Myers (1971). The equilibrium condition
leads to the following equations

X K = x, x2°2
AsSessz2 1 As” Se
X K = x2 x3
SbaSes "2 Sb”se

where xj are the molar fractions of the
different species j (j=AsSessz, ShaSe3, As,
Sb, Se) and Ki and Kz the ideal dissociation
equilibrium constonts for the associated
liquid solutions.

The values of these dissociation
constants as well as of the interaction
parameters between the main especies have
been adjusted in order to reproduce
correctly the experimental binary phase
diagrams. The heat capacity difference, ACp,
between the 1liquid and the solid was
estimated from direct measurement of the
heat capacity jump at the glass transition
(Mahadevan et al. 1986). The thermodynamic
input data used for the calculations, apart
from ACp, are the melting point, Tw, and the
enthalpy of fusion, AHs, of each crystalline
phasc, reported in Table 1.

To calculate the Gibbs free energy of
formation of the alloy glass we assume that
the liquid alloy may exist in a metastabhle
state Adown to Luc isentropic temperature Ts
at which its entropy will be.equal to that
of the 3table crystalline phases. At that
temperature it will become an "ideal"” glass
with a heat capacity equal to that of the
mixture of the stable crystalline phases
(Clavaguera-Mora and Clavaguera 1989).




3.~ Results

We will present successively the
results of the calculations in the
As2Se3-Se, SbaSei-Se and As2Se3~SbaSes
systems.

3.1.- AszSe3-Se system

The calculated phase diagram is shown
in the upper part of Fig. 1 together with
the experimental points {Dembovskii and
Luzhnaya 1964; Myers and Felty 1967).
Keeping the coordination numbers 3 for As
and 2 for Se,the best fit is obtained taking
AsSes/2 as the associated species for the
liquid solution with an ideal dissociation
constant Ki=.00001 and an interaction
parameter between the main species AsSess2
and Se of -1.0 kJ/mol. The calculated
eutectic composition is 16 at.% As and the
eutectic temperature is 414 K. The
calculated isentropic Ts curve is shown in
the lower part of Fig. 1. The Gibbs free
energy of formation, AGr, of the “ideal"
glassy alloy (with respect to the stakle
mixture of As2Se3 and Se) is plotted as a
function of composition in Figure 2. AGr is
independent of the temperature because as
iegards to the assumption we made the
entropy of the "ideal" glass is equal to
that of the crystal. According to a previous
paper (Clavaguera-Mora and Clavaguera 1989),
AGs scales as AHm and glass formation of
stochiometric alloys from the liquid is
expected 1f 0.2<AGf/AHm<0.3. The broken
lines in Fig. 2 correspond to these limiting
values for AGr. It can be concluded that GFA
is thermodynamically favored in this system.
This 1is 1in agreement with experimental
findings. Flaschen et al. (1960) firstly
reported that glasses are easily obtained by
fusing the components in the entire glass
formation range from elemental Se to alloys
containing ~ 60 at.% As.

3.2.- SbzSes-Se system

The calculated phase diagram including
the calculated values of Ts are shown in
Fig. 3 together with the experimental phase
diagram determinations (Parravano 1913;
Myers and Berkes 1972). The best theoretical
fit to the experimental results is obtained
by taking K2=.001 and a value of 4.0 kJ/mol
for the interaction parameter between the
main species Se and Sba2Se:. The Gibbs free
energy of formation of the alloy glasses is
shown in Fig. 4. The broken line in Fig. 4
relies the values of 0.3 times AH» for the
components Se and SbaSes. Therefore, the
Gibbs free energy of formation 1is quite
large compared to 0.3 times the melting
enthalpies of the components. As expected
from reported glass forming regions in the
As-Sp-Se -~r:ter /Boriso. . 1381) and other
ternary systems (Bord-s et al. 1990), GFA is
thermodynamically very poor in this system.

3.3.- As2ben-SbaSes system

The experimental phase diagram was
determined by Berkes and Myers (1971).
According to these authors it is a simple
eutectic diagram with an eutectic
composition of 12.6 mol.% SbaSes and
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Table 1.- Enthalpies AHm, and temperatures
Tm, of melting and heat capacity difference
ACp, between the liquid and the solid.

AHn Tm ACo
(kJ/g.at) (F) (J/g.at)

Se 5.86 493 12.42
Asa2Ses 8.16 650 14.6°
SbaSes 10.75 888 12.0P

a: Clavaguera-Mora et al. (1990)
b: Mahadevan et al. (1986)
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Fig. 1.- Full lines show the calculated

phase diagram and Ts curves for the
As2Se3-Se system. Dotted lines show the
experimental phase diagram after Dembovskii
and Luzhnaya (1964). Dashed lines correspond
to experimental phase diagram after Myers
and Felty (1967).
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eutectic temperature 636+5 K. Fig. 5 shows
the experimental points, the calculated
phase diagram and the Ts curve. Calculations
were performed assuming an ideal association
model behaviour for the 1liquid phase. The
calculated eutectic composition and
temperature are, respectively, 6.5 at.% Sb
and 627 K. Association remains very strong
for liquid alloys of the system as can be
seen in fiqure 6 where the molar fractions
of thie main chemical species of the system
are plotted as a function of composition.
Fig. 7 gives the Gibbs free energy of
formation of an "ideal" glassy alloy cf the
system. The broken line relies, as in fig.
4, the values corresponding to 0.3AHs for
the two line compounds . Therefore,
thermodynamically the best glass forming
compositions in this binary 1lie in the
nearby of 20 at.% Sb which is a composition
rather far from the eutectic one.
Experimental glass forming region as
reported by Borisova (198l1) and presented in
Fig. 8 shows that glasses are easy to form
wh2n the Sb content is less than -22 at.%.
This result, compared to our calculations,
reinforces the importance of the thermo-

dynamic criteria on glass formation.

Conclusions

We have applied here the thermodynamic
criteria of glass formation to systems in
which the chemical ordering is very
important in the liguid and glassy states.
The main assumption introduced to obtain the
Gibbs free energy of formation of an alloy
glass was to treat the liquid as a
SAR-solution. The parameters involved are
the 1ideal equilibrium constants and the
interaction energies between the main
species. These parameters were adjusted to
reproduce the experimental phase diagram.
The values obtained for them are consistent
with the main assumption we made. That is:
(a) the equilibrium constants have values
low enough to undertake strong associated
treatment, and {(b) the absolute values of
the interaction energies are relatively low
(<RT) for the regular approximation to be
valid.

For the three binary systems
considered the Gibbs free energy of
formation has values in the nearby of those
predicted for good glass forming systems
(Clavaguera-Mora and Clavaguera 1989).
Assuming that GFA is inversely proportional
to AGr, the trend of the Gibbs free energy
curves versus composition agrees with
experimental determination of GFA.
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Abstract. -

Materials which must be described in terms of three or four chemical comporents are

common today in nearly all areas of materials science and technology. Unforiunately, the
three dimensional nature of isobaric ternary and isobaric, isothermal quaternary phase
diagrams has limited the effective use of such diagrams. In the present work the authors

explored the utilization of the “"solid-modeiing" capabilities of a Computer Aided Design
(CAD) system to address the problem of three-dimensional phase diagram representation for
phase diagram users.

Relevant 3-D, isobaric phase diagrams for a hypothetical quaternary eutectic system
were constructed (using input data similar, in kind and amount, to experimental data commonly
found in the literature), displayed in various ways intended to aid visual comprehension, and
manipulated to extract numerical information and create planar sections.

The authors concluaed that CAD systems offer many advantages relative to computer

programs which have been developed specifically for phase diagram representation. These
advantages include: powerful and versatile geometrical entity generation methods,

sophisticated display features, ease of use,

and wide availability. However, it is also

pointed out that only through the use of solid-modeling can the full advantages of CAD system
representations of 3-D phase diagrams be realized.

1. - Introduction.

In the prefa.e to the 1964 English
translation of "Phase Equilibria in
Multicomponent Systems", the authors noted
"It would be hard today to find a single
branzh of industry and technology that does
not make extensive use of multicomponent
alloys and other multicomponent materials"
(Palatnik and Landau 1964). pDuring the
ensuing 26 years, intense research
activities involving "super alloys®,
ceramics for structural or electronic
applications and geological materials, to
name but a few examples, have increased the
scientific and technological relevance of
multicomponent phase equilibria. However,
in spite of a well documented understanding
of the "rules" governina the topology of
phase diagrams for three and four component
systems (the simplest of multicomponent
systems), the unwieldiness of the necessary
three-dimensional (3-D) representations has
often diminished the effectiveness and
discouraged the use of such diagrams.

2. - Backqround.

Phase equilibria in binary systems at
constant pressure, may be fully expressed as
a function of 2 independent macroscopic
variables (i.e., composition and
temperature), thus allowing two dimensional
graphical representation. With each
additional chemical component, an
independent composition variable is added to
the system. thus, ternary phase diagrams
consist of two independent composition
variables (usually plotted in "Gibbsian"
coordinates within an equilateral triangle)
and the temperature varjiable (typically

represented on an axis normal to the plane
of the triangle). In such a ternary
diagram, phase equilibria for the pure
components are depicted at the vertices of
the Gibbs triangle, the three binary
subsystems along the sides of the triangle
and the ternary system within the interior
volume. For quaternary phase equilibria,
the three independent composition variables
are typically plotted within a regular
tetrahedron (the "Roozeboom tetrahedron').
A fourth dimension would be required to
explicitly display temperature information,
therefore each tetrahedrcn reprusents
isothermal quaternary phase equilibria.
Analogous to the ternary diagram, each
vertex, edge and side represents,
respectively, isothermal sections through
unary, binary and ternary subsystems.

The difficulties of working with
three dimensional diagrams have prompted
the development of several alternative
representations. For example, polythermal
projections of both ternary and quaternary
diagrams are commonly used (Prince 1966) as
well as two dimensional schematic
representations of quaternary monovariant
paths (Schairer 1942). Such techniques are
gquite useful (as evidenced by their wide
acceptance), however, they are
simplifications and by their nature contain
only a subset of the useful information
available in the explicit three dimensional
representations.

Faced with the obvious difficulties
of visualization and conceptualization of
three dimensional phase “iagrams, workers
have presented such diagrams using a
variety of media including wire models,




c.ay or plastic sculptures, and
multi-colored line drawings

which produce a '3-0 effect' when viewed
through special eye-glasses. Notis and
Tarby (1986) have presented a more complete
list o¥f these techniques, including
references.

It should be realized, however, that
visual representation is only one of three
major problems which often confront
researchers who would apply 3-0 phase
diagrams to their work. In may cases,
reliable thermodynamic models for a
particular sys em are unavailable, and
workers must coanstruct” the phase diagrams
from experimentally determined data.
Furthermore, experimental data are usually
incomplete; wvarious quasi-binary or
quasi-ternary sections along with
polythermal projections may be ail the
information that is available for guaternary
systems. Construction of 3-D phase diagrams
from this information ~equires the use of
interpolation. He ever, standard graphical
interpolation, which works simply and
directly in two dimensions, becomes
overwhelmingly difficult in
three-dimensional space. Thus, construction
of 3-D phase diagrams from avai..tle data
can be a major opbstacle for those who would
make use of such diagrams. Finally, after
construction and display have been suitably
managed, there remain the obvious
difficulties associated with extracting
information, both numerical and geometrical,
from 3-0 phase diagrams.

In order to address these difficulties
and thereby facilitate the use of
three-dimensional phase diagrams, the
present work explores the use of a
commercially available computer aided design
(CAD) software package in the construction,
display, and manipulation of ternary and
quaternary phase diagrams. It should be
noted that the use of computers for phase
diagram representation is not new, but dates
back nearly 3@ years. An excellent overview
cf such work is provided by Massalski (1989).
It is not the authors' intention to provide
a review of the literatu-e on this subject,
although the results of the present work
will be discussed partly in terms of these
previous efforts.

3. - Procedure.

In order to determine the usefulness
of the CAD system for the representation of
3-D phase diagrams and to develop efficient
techniques for utilizing the cajpabilities of
the system, a hypothetical, symmetrical
quaternary eutectic diagram was constructed
and manipularted.

3.1 - Fguipment.

The computer hardware chosen for this
work consisted solely of a8 SUN 4 workstation
(aka, SPARC). The workstaticn was comprised
of a central processor, external hard drive,

s
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high resolution graphics monitor und a
conventional "mouse'". It is similar in
size to a personal computer, sells for
approximately twi.ce the cost of a high
quality PC, but has tremendously greater
capabilities. The software chosen was
I-DEAS (Integrated Design Engineering
Analysis Software) level 4.0 created by
Structural Dynamics Research Corporation
and released in 1988. I-DEAS was chosen
largely because of its solid-modeling
capabilities and powerful display features.

3.2 - Overall Approach.

Experimental data for phase
equilibria in four component systems are
hierarchical, that is, the data are most
certain and complete for the binary
subsystems with reliability and
availability of data progressively
decreasing as additional chemical
components are added to the system. In
order to develop a technique that would be
applicable to real systems, input data to
be used for the hypothetical syctem
constructed in the present work were chosen
te be similar to data which are typically
available in the literature. Binary
subsystems were assumed to be completely
described. Data for the ternary subsystems
consisted of the information typically
available from two dimensional polythermal
liquidus projections of ternary space
models, supplemented by minimal subsolidus
information. Finally, data for the
interior of the quaternary system consisted
only of points alony the monovariant
reaction paths.

The overall procedure for
constructing the 3-D quaternary isotherms
was designed to take advantage of the more
completely determined low-order systems.
The binary systems were constructed first.
Data points were entered and displayed in
the bimnary composition-temperature plane.
Points were spline fit to form the phase
boundaries (curves). Binary subsystems
were then combined to define the sides of
the ternary space models. Data points for
the interior of the space models were
entered and curves were fitted to these
points, thus completing the wireframe
(i.e., curves in 3-D space) representations
of the ternary diagrams. The relatively
more comnlete information for the binary
subsystems was in this way used to aid in
the construction of the ternary diagrams.
The ternary space models were subsequently
completed by utilizing a variety of surface
generation techniques available with the
I-DEAS software. In many cases (e.g.,
3-phase regions and liquidus surfaces) the
available data were sufficient to precisely
define the surfaces. In other cases (e.g.,
solvus surfaces), where only the surface
edges and a few internal points were known,
surfaces were generated using least squares
or interpolation fits. Isothermal scctions
were then taken through the completed
ter~ary diagrams. These cross-sections
were subsequently combined to form the
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exterior surfaces of the quaternary
isothermal tetrahedra. Analogous to the
procedure used to build the ternary space
monels, interior data points were entered,
curves fitted to form wireframes, and
surfaces created over the curves.

It shou.d4 be noted that three short
programns were written, using a high level
programming language (ldeal) provided in the
I-DEAS environment. These programs
converted between the
temperature/composition coordinates of phase
diagram space and the internal, Cartesian
coordinates of the CAD system, as well as
calculating phase fractions present in
monovariant regions, gisen bulk composition
and tempe ‘ture as i1nput information.

4. - Results.

Solid models representing three
quaternary isotherms (Fig. 1) and the
ternary subsystems were created. For any
given diagram, each pnase region was created
and stored as a separate s0lid object with
an appropriate name (e.g., Alpha + liguid,
for the 2-phase alpha-liquid region). The
complete phase diagram was created by
defining a '‘system” composed of the
indivioual phase regicinz (each having
associated with it a spatial orientation).
Fiqure 2 shows a "system'" composed of the
stored phase regions for a ternary
subsystem. However, in tnis figure, the
system was defined t~ i.ciude translation
vectors for each phase region, thus moving
the regions apart to create the "exploded"
configuration shown. Each surface is
described by tfacets (used for shaded image
displays and for defining cross-sections
during cutting onerations) as well as hawving
a mathematical representation (nonuniform
rational B-spline surface modeling is used).
The faceted display can be refined, almost
instantaneously, producing facets (up to
7500 facets per nnase region) which deviate
only negligibly from the mathematical
surface. This dual representation allows
efficiency of file storage yet highly
precise representations for display and
manipulation

Vi.ual comprehension of the complex
3-D diagrams was aided by a number of
sophisticated display features. "Dynamic
viewing” allows rotation of diagrams (in 3-D
space) zooming, and diagram translation to
be accomplished continuously, interactively,
and in real time, by movement of the "mouse"
about its pad. These same view changes can
be accomplished non-continuously simply by
entering appropriate values from the
keyboard (e.q., degrees of rotation about
each axis). As already olluded to, displays
which include shaded surfaces were created
to aid in visual comprehension. A wide
variety of attributes can be assigned
individually for each shaded surface. The
most useful among these attributes proved to
be surface color and degree of transparency.
Furthermore, line-drawings (e.g.,
composition coordinate grids) can be

Fig. 1. % eubsolidus quaternary isotherm.

Fig. 2. An 'exploded' view of the
solid-model for a ternary eutectic diagram.

combined and superimposed upon shaded
images to create a variety of useful
displays.

Extraction of information from the
3-D phase diagrams was facilitated by a
number of capabilities of the CAD system,
many of which have alrcady been mentioned.
The composiction and temperature of any
point on a surface or curve can easily be
accessed. Given a tempercture and a bulk
composition lying within a monovariant
reaction region, the fraction of each phase
present can also be easily accessed.
Furthermore, tie-lines were stored as line
drawings and superimposed upon the
appropriate phase regions to aid in phase
fraction determination in multivariant
phase regions. Finally, planar sections
through the 3-D diagrams were quickly and
conveniently generated using a variety of
input information to orient the "cutting
plane” as desired.




5. - Discussiin.
As menti-ned -~hove, various computer
metnods for the representation of phase
dgiagrams have been proposed and used. Much
of the wvork in tlis area has been aimed at
creating computer programs which would be
dedicated to one or more aspects of phase
diagram representation, Although, to the
author's knowledge, none have been in*ended
orimarily To assist researchers working with
mulricomponent materials in the efficient
development (from available experimental
iata) and use of 3-D phase diagrams.
Furthermore, the wide availabi.ity and
reasonable cosht of CAD -~ystems have proviced
researchers with powerful new tools;
tremendods rescurces have been devoted to
tne development of fLhese systems, thus
providing several advaontages for the user.
"rese offten include (as is true for the CAD
“ystem used in the present work): dynamic
viéwirg., the ability to create shaded
rurface displays using a variety of
goristicaterd display attributes (including
Toanslucencyl, the cupobility to utilize
nonuniformly spaced input data, faceted
represerrtations of surfaces which can be
nonunitormliy spaced (allowing finer facets
inr more complex areas), the use of
nognuniform rational B-spline curves and
surfaces {(allowing complex areas to be
modelea without introducing unwanted
inflection po2ints), and the immediate
display of data entered and geomelry
gener _ted to allow interacticn on the part
of the user. Mo: eover, CAD programs are
high level, mer.. -driven praograms which do
not require the user to possess advanced
programming skills,

In spite of the merits of CAD systems
for phase diagram applications, very few
researchers have attempted to utilize CAD
systems for this work. To the authors'’
knowledge, previous work using CAD systems
(e.qg.., Roeder et al (1986) was limited
larqely or entirely to wireframe
representations. unfortunately, without
solid-modeling, many of the advantages of
CAD representations of 3-D phase di:cgrams
are sacrificed. The lost capabilities
include: shaded surface displays, efficient
and self-consistent generation of planar
sections through diagrams, and self
consistent dertermination of
composition-temperature conrdinates for
phase boundary surfaces.

6. = Conclusions.

"he results obhained using the
hypothetical gquaternary eutectic system
indicate fthe potential usefulness of this
procedure. Given the successful results of
the procedure with the type of input data
used, it is reasonable to e« . .ect that the
process should be applicable to many real
systems. Currently, this procedure is being
applied to a real quaternary system
{Ca0-A1203-Mg0-5i02) which is relevant to
the authors' study of solidification
phenomera in geological materials.
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It is envisioned that the use of
this technique (or similar techniques which
could be developed utilizing other CAD
systems with solid-modeling) could allow
researchers to make use of ternary and
quaternary phase diagrams with somethi
approaching the facility which has
heretofore only been attainable with binary
phase diagrams.
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A TIGHT BINDING ANALYSIS OF THE COHESIVE PROPERTIES
IN TRANSITION METAL CARBIDES.

Duc¢ Hiep LE, Catherine COLINET and Alain PASTUREL
Laboratoire de Thermodynamigue et Physico-Chimie Mérallurgiques, ENSEEG,
RP 75, 38402 SAINT MARTIN D'HERES Cédex, France.

The electronic structure and cohesive properties of transition metal
carbides in NaCl structure z2re studied on the basis of a tight-binding recursion
method. The eiectronic structure is analyzed in terms of a p-d interaction
between the p orbitals of carbon and the d orbials of the transition metal. A
good agreement is found with the most sophisticated calculations like the ones
based on the APW method. Concerning the cohesive properties of these
compounds we have calculated the heats of formatonr of (Ti, Zr, Hf, V, Nb,
Ta)-C and compared with the experimental values. We are able to interpret the
evoiution -f the experimental values when we go through a column or a row in

Mendeleicv's table.

I. - Introduction

Trans {ion metal ca.bides which
crystallize in the NaCi structure have long
been of special laterest because of their
unusual combinction of properties such as
high melting point. ultrahardness and m:tallic
conductivity. These compounds usually
present important deviations from
stoechiometry, due to a high concentration of
metalloid vacancies, these vacancies having a
<.reng influence on the measured values of all
physical properties of the c~ompounds. To
attempt to explain ull these properties,
extensive exnerimental and theoretical studies
on the electronic properties as well as on the
phonon spectra have been performed over the
past several years. The binding mechanism has
been investigated by Schwarz (1677) and the
calculated densities of states show a low
energy n.row band due to the s electrons of
the carbon and a higher conduction band
mainly due to tre hybridization between the p
states of the carbon and the d states of the
metal. This p-d hybridization has been shown
to be of great importance in ihe interpretation
of the energies of formation of the transition
metal-aluminium or silicon compounds
(Pasturel et al 1982,1984). In this paper, we
propose to use this simple scheme to explain
the thermodynamic behaviour of (Ti, Zr, Hf,
V, Nb, Ta)-C compounds crystallizing in the
NaCl structure, or in other terms, how the
energy of foruwation of a transition metal
carbide varies when we go through a columr
or a row. To investigate the energy of
formation, we have <chosen to use the
recursion method of Haydock et al. (1972)
within the tight-binding appro.ch to describe
the p-d hybridization ; the method allows one
to analyze the local density of states, a basic
"physicai’ quantity of the electronic structure
of a solid. Within the tight-binding scheme,
one can charge casily tnteractions in order to
study tneir influence on the local density of
states, as it is done in the present study by
"switching ft the nearest neighbour
interactions between p- and d- electrons.

I1. - Model

' To describe the energetic interactions
in the carbide, we start from the tight-binding
Hamiltonian which car be written :

H=% ¥ X p:\ In,Aj> eM < n,Ajl
n 1 }ti 1
i ) Ajl; o
* n,zm !2,‘] L Polmhi> BnmJ<m'“J|pn (1)

AiMj
wherc the indices i, j label the chemical nature

i . . .
of the atoms. p, = 1 if the site n is occupizd

by an atom of type i and p; = () otherwise.

in,Ai> is the atomic orbital Aj (2 p for C and

3d, 4d or 5d for M) centred on site n and ei}‘l

is the atomic energy level corresponding to "he

orbital Aj at site n. Finally, Bz:rinuj is the

hupping integral between the Aj orbital at site
n and the uj orbital at site m. Sinre, B}‘”‘li
nm

decreases very rapidly with the distance
between sites n and m, we will
consider three types of hoppiag orbitals

only, corresponding to first (B;‘A"guc) and

second (B;‘{”&”M and Bé:g”c)

distances. As usual, these hopping integrals
can be expressed in terms of two centre
integrals (ddo, ddm, ddd) for PBmm. (ppo,
ppn) for Bcc and {pdo, pdr} for Bmc

neighbour

From this Hamiltonian, it 1is then easy
to calculate the partial density of states

of symmetry A at site 0, ng(E), as the

imaginary part of the prujection, on the atomic




orbital 10,A>, of the Green function G(E) :

I

GE) = R 2

n(’;u-:) = IM A GE + 100> 3)
1Y

n(";([{y can be calculated as a continued
fraction, the coefficients of which will be
computed within the recursion method
(Havdock et al. 1972). The energy of
formation can be written in the Hartree-Fock
approximation :

Ep Er,
AE = j EnE)dE - 5 % j E ni(E) dE
~1=MC
I 2
-7 L Ui AN (4)
1=MC

where the first and sccond terms represent the
change in the one-efeciron band energy in
alloving (Pasturel et al. 1984). Half the
associated electron-electron  interaction  is
substracted to correct for double counting in
the first term of (4). nij(E) and Nj are the
density of states and total number of electrons,
respectively, associated with atom i ; EFi is
the corresponding Fermi energy. In presence
of charge transfers, we take into account

intraatomic charge transfer effects 1in a
Hartree-Fock scheme :

) 4] AN

El:fi +U‘AAN1 (5)

in which the reference state is equal to the

pure metallic value E(l). Uj is the Coulomb

integral and ANj is the variation of the number
of electrons of | species during alloying
tPasture]l et al. 1984).

We shall use here the standard Slater-
Koster parameters deduced by Pecheur et al.
(1Y%4) from APW band structure calculations
for NbC, with the previous simplification of
kecping only the first (metal-carbon,
which. couples the two sublatttices) and second
(metal-metal and carbon-carbon, on each

Table I : Tight-binding parameters for the carbides in the NaCl
structure (in eV).

dks ddn ddb ppo ppn pdo pdrc
TiC 08285 0.2898 0 06972 01537 21979  1.0695
ZeC 10927 0).3822 0 05914 01304  "7247 11312
HIC 12254 04287 0 06063 -0.1337 24926 1.2129
VO 099 02273 0 0.7521  -0.1658 -2.0218 0.9838
NhC 120 (11540 0 0.65))  -0.1440 23508  1.1439

TaC -1.1516  (0.4028 0 06577 -0.1450 -2.5167 1.2246
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sublattice) nearest neighbour hopping
integrals. Only the metal d and metalloid p
bands have been considered since APW _esults
show that metalloid s-band does not participate
to cohesive properties [1]. For the other
carbides, these seven hopping parameters have
been corrected using Harrison's (1980) scaling
law to take into account the variation of the
lattice parameter from a carbide to another
one. Besides these hopping parameters, we

have to consider, two atomic levels, €p for the

p orbitals on a C atom and €d for a M atom.
We have used the values of the tables of
Herman and Skillman (1963). Indeed, to
perform the self-consistent calculations of
charge transfer, we have used Udd = 3 eV and
Upp = leV. in agreement with previous
calculations (Nguyen Manh et al. 1985). Ali
the parameters are gathered in table I.

11l - Results and discussion

We start by discussing the electronic
density of states (DOS) obtained in our
simplified tight-binding Hamiltonian. In
figure 1, we show the density of states of
NbC compound, calculated with a continued
fraction exact up to the 10th level. It is clear
from the partial p and d densities of states of
figure 1 that the electronic density of states of
the compound results from a strong mixing
between the d and p states ; this strong
mixing is characterized by the formation of
bonding and antibonding states well separated
by the occurrence of a pseudogap. We shall see

that it explains the stability of these
compounds. We have shown also the ab-initio
results proposed by Schwarz (1977) ; one can
see that our results are in qualitative
agreement with these calculations. The
densities of states of the other carbides are
very similar to the one of NbC, the only main
difference is the location of the Fermi level for
TiC, ZrC and HfC compounds since Ti, Zr and
Hf have one d electron less.

The importance of the p-d interaction
is illustrated by a second calculation setting
the p-d parameters of table I to zero. All other
parameters remained unchanged. In this case,
the p- and d- bands decouple as demonstrated
clearly by figure 2. The bandwidth is now
reduced by a factor 2-3 caused by switching
off the p-d hybridization. There is also no
characteristic minimum between two peaks as
seen in figure 1.

Let us consider now the cohesive
properties of the carbides. Using our simple
p-d Hamiltonian, eqn.(4) can be rewritten as :

EF
1 ) 2
AE= | E.n(E)ME - 7 T Uja(N})
i=M,C

. EFm
-5 | Ensd(B)dE + X ®)
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Figure 1 : Total (a) and partial (b-c) p and d electronic density of
states of NbC compound in the NaCl structure ; (d) ab-
initio results of Schwarz (1977).
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Figure 2 : Terminated continued fraction DOS for 10 levels with
(a) and without (b) p-d hybridization (thin full line :
background DOS with first 4 moments equal to those
of the DOS). (14,8)

X being a constant equal to :

X=-3 j E ns,p(E) dE + j E ng(E) dE o))

X can be considered as a contribution to
account for transformation of carbon from a
semiconducting reference state into  an
hypothetical metallic state. It has already been
used by several authors (Pasturel et al. 1982,
1984 and Niessen and De Boer, 1981) to
describe the heats of formation of carbides,
silicides, nitrides or phosphides. Here, to
obtain a quantitative description of the
energies of formation of the carbides as a
function of the transition element, we have
chosen to fit the value of X on the energy of
formation of NbC compound. In table I, we
present our results for all the studied carbides
and compare these values with the experimental
ones. One can sece that our values reproduce
the experimental trend : the heats of formation
become more and more negative when one goes
down a column and more and more
positive when one moves from IVB column to
VB column. This latter behaviour can be easily
understood from the location of the Fermi level
in the electronic density of states.
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Table Il.: Cou:pariscn beiwecn experimental (*) (Hultgren et al.
1973 and Wagman et al. 1982) and calculated energies
of formation of the carbides in the NaCl structure

(in eV/at).
TiC vC rC NbC HfC TaC
-0.89 +0.10 -1.05 -0.73 -1.23 -0.81
-0.96* -1.02* -0.73* -1.13%  -0.77¢

For VB column, the Fermi level is shifted due
to an extra d electron of the transition metal.
The most favourable situaticu is foi IVB
elements for which the Fermi level is located
in the pseudogap, all the bonding states being
filled and all the antibonding states being
empty ; in this case, the cohesive energy of the
carbide is the most important and explains the
more negative values for the carbides based on
the IVB column.

The evolution of the energies of
formation of the carbides when we go down a
column, can be explained from the values of
the p-d hopping parameters which become
stronger and stronger ; the pseudogap is then
more pronounced and leads to more negative
values for the heats of formation.

To show the influence of this
pseudogap and the position of the Fermi level
in relation to it, figure 3 displays the
difference of the bond energy calculated with

AL ey

Figure 3 : Difference of structural energy of the terminated-
continued fraction DOS for 10 levels minus tackground
DOS with the first 4 momenis equal.

10 levels minus a rectangular skew back-
ground ; the first four moments of the
background DOS are equal to those of the
actual DOS of the NaCl structure, neg:cssanly
leading to at least two zeros of the difference

curve according to Ducastelle and Cyrot-
Lackmann (1971). This curve presents 2
maxima at about 2 and 11 electrons and a
pronounced minimum at 6 eclectrons. The
minimum at 6 eclectrons occurs because the
Fermi level falls into the pseudogap of the
NaCl structure-DOS. It explains the stability
of IVB and VB based carbides since these
carbides correspond to a total filling of 6 and
7 electrons at the Fermi level.

IV. Conclusion

The appiication of the recursion
method coupled with a simple p-d Hamiltonian
enables an interpretation of the stability of
IVB and VB based carbiues in the NaCl
structure. The density of states of these
carbides is characterized by the occurrence of
a pseudogap due to the strong coupling
between the p-orbitals of the carbon and the d
orbitals of the transition element. For the
studied carbides, the Fermi level falls into the
pseudogap, leading to the filling of all the
bonding states, the antibonding states being
empty : from the point of view of the cohesive
properties it is the ideal situation.

REFERENCES

Ducastelle, F. and Cyrot-Lackmann, F. (1971) : J. Phys. Chem.
Solids 32, 285.

Harrisson, W.A., (1980) : Electronic Structure and the Properties
of Solids”, ed. by W.H. Freeman and Company, San Francisco .
Haydock, R. Heine, V. and Kelly, M. J. (1972) : Phys. C.3,
2845.

Herman, F. and Skillman, S. (1963) : "Atomic Structure
Calculations", Prentice Hall, New York .

Hultgren, P. Desai, P.D. Hawkins, D.T. Gleiser, M. Kelley,
K.K. (1973) : "Selected Values of the Thermodynamic Properties
of Binary Alloys”, A.S.M., Metals Park, Ohio (1973).

Nguyen Manh, D. Mayou, D. Pasturel, A.and Cyrot-Lackmann,
F. (1985) : J. Phys. F. 15, 1911.

Niessen, A.K. and de Boer, F.R. (1981) J. Less-Common Met.
82, 75.

Pasturel, A. Hicter P. and Cyrot-Lackmann, F. (1982) J. Less-
Common Metals, 86, 181 ;

Pasturel, A. Hicter P. and Cyrot-Lackmann, F. (1984) Physica
(B+C) 124, 247.

Pasturel, A. Colinet, C. and Hicter, P. : (1984) Acta Metall. 32,
1061.

Pécheur, P. Toussaint, G. and Kauffer, E. : (1984) : Phys; Rev.
B. 29, 6606.

Schwarz, K. (1977) : J. Phys. C,1Q, 195.

Wagman, D.D. Evans, W.H. Parker, V.B. Schumm, R.H.
Halow, 1. Bailey, S.M. Churney, K.L. and Nuttall, L. J. Phys.
Chem. Ref. Data, Vol. 11, Suppl. 2, (1982).




104 ANALES DE FISICA Serie B Vol. 86 1990

A SOLUTION MODEL FOR THE RELATION BETWEEN ENTHALPY OF MIXING AND EXCESS ENTROPY
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Abstract.-

The relation between A, and AgEx in infinite dilutiom in liquid binary alloys
of A and B, which depends on ?he melting points of the components, has been obtained

on the basis of free volume theory.

1.~ Introduction,

Several empirical attempts have been
made to correlate the enthalpy of mixing and
excess entropy in liquid binary alloys. For
example, Kubaschewski (1981) obtained the
following relationship between the partial
enthalpy of mixing AH, and the partial ex-
cess entropy ASEXx of sSolute elements in in-
finite dilution of liquid binary alloys.

afiy = 3400 a3E* (1)
Lupis and Elliotr (1967) proposed the fol-
lowing similar relationship :

- =Ex

ARy = T a5y (2)
In this equation, T is a constant and a
value of 3000+1000 for this parameter has
been proposed for ordinary metallic solu-
tions. However, they suggested that T is
not always constant for all types of alloys
and might be dependent upon the nature of
the alloy components.

Recently, the authors have derived a
solution model for the relationship between
the enthalpy of mixing and the excess en-
tropy in liquid binary alloys. In this pa-
per, an outline of the model as applied to
infinite dilution of liquid binary alloys
is presented with some new results,

2.~ Derivation of Thermodynamic Equations.

The derivation of the solution model
has already been described in detail in our
previous publications (Tanaka et al. 1990
"A" & "B"). Only a summary of the model
will therefore be presented here. In this
model, the equations for the enthalpy of
mixing and excess entropy have been derived
on the basis of the free volume theory ad-
vanced by Shimoji and Niwa (1957) and the
first approximation of the regular solution
model proposed by Gokcen (1986), by consid-
ering configuration and vibration of atoms
in alloys. Assuming that an atom vibrates
harmonically in its cell surrounded by its

nearest-neighbours, the excess Gibbs energy
of mixing AGEX g expressed by the follow-
ing equationst?

Anﬁfx =g - T astx (3)
B ix = Nap{lap / 2 (4)
Nap = ZNgX, Xg(1-X X}, o / kT) (5)
ast® - ASSSNF * ASEBNCONF (6)
ASESNF = —xZxznl, /o2l (7)
BSyoNCONF

=3/2kN {X,1r(v, /v, ) + Xgla(vg/vyy))
=3/2kNO{2XA1n(LA/LAA) + 2XgIn(Lg/Lyp)
* XaIn(U,, /U,) + Xpln(Upp/U} ~®

where N is the number of A-B pairs; Z,co-
ordination number; f1 B’ exchange energy;
k, Boltzmann constané; T, temperature in K;
N., Avogadro number; X,,X,, mol-fraction;
VieVgsV & v,,, free volume; L,,L,,L &
Lg ,Bdié%ancc which i:teratomicApo@enééal
exgend in a cell, as shown in Fig.l; U,,U.,
UAA & UBB' depths of the potential energy in
a cell, as shown in Fig.1. In the above
2aquations, the suffices AA & BB indicate
pure elements and A & B indicate the states
of A and B atoms in an A-R a1lloy. In Eq.(8),
if the free volumes of A and B in an A-B al-
loy are larger than those in the pure states,
i.e., v,>v and v, >v ., the region in which
an atom moves randomly in its cell sur-
rounded by its nearest-neighbours increases,

d consequently A3EX becomes itiv
an qu y [ pos e.

N?NCONF
On the other hand, 1f Vv,«V & v,<v¥y,,, the
: . AT TAA B™"BB

reverse is true.

When the concentration of B in liquid
A-B alloy is infinitely small, the following
equations for AR, and A3EX can be obtained
by differentiation and rearrangement:

AHB =I1AB (9)




=Ex _ ,=Ex
855 = 855" NoNcONF
- _ 2
= 3/2kN [(LAA Lpg) /Lyalpp
+{aU, Upg = 201, 5(U,, + Upp)
2
(Upy + Ugg) }/20,,Up0] (10)
UAA and U in Eq.(10) can be obtained
from the following equations. (Tanaka et al.
1990"A").
2.2 2 _
Uii = -21°L 11Miiuii/N0 (i=A or B) (11)

In Eq.(11), M.. is the atomic weight., L.
is assumed to be half of the nearest- nelgﬁ—
bour distance and this can be obtained from

_ 1/2 1/3
Ly, = 122/ 5v /Ny

ii (i=A or B) (12)
where V, is the molar volume. Ui' in Eq.
(11) is %he frequency of an atom, which can
be evaluated by the following equation pro-
posed by Tida and Guthrie (1988).

2/3

ii

v, = 2.8 1012 (Tm,. /M vZ/3)1/2
11 11 11 11

) (13)

(i=A or B)

where Tm,.. is the melting point and @ ., is
the coefficient to transform the frequeéency
in the solid state into that in the liquid
state at the melting point. Values of p
were obtained from the experimental data %or
the surface tension of the pure elements in
the liquid state.

Consequently, the following relation-
ship between &H, and ASEx can be derived from
Eqs.(9) and (10§

sEx _
aS;% = 3/2kN [(LAA Lgg) /LAA BB
{40, Upp= 2805 (U, +Ugg)
(U BB) }/LUAA BB ] (14)

As shown in Eqs.(9)-(14), the partial excess
entropy and also the partial excess Gibbs
energy AGEX can be obtained from the physical
properties listed in Table 1 for pure ele-
ments when the value of the partial enthalpy
of mixing is known.

3.~ Calculation of Aggx and ACE:;

In this work, the values of AH_, were
obtained using Miedema's semi empirical meth-
ed (Niessen et al. 1983). and UB in Eq.
(14) can be calculated from éqs (11)= Fl
with the physical properties shown in Table 1
(Tida and Guthrie 1988, Niessen et al. 1983).
They then have the units erg.atom ! and must
therefore be transformed into J.-mol™! to ob-
tain the same unit of AW, as that correspond-
ing tc Eq.(14). 1In this case, the following

equation for UAA and UBB can be derived from
Eqs.(11)-(13).
- a2 -1
Uii 685.3[3“’I'm,ii / J mol (15)

(i=A or B)
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Calculations of ASEX and AGEX were car-
ried out for the 60 alloy systems presented
in Table 2. Experimental values of AGEX (
Hultgren et al. 1973, The 19th Committee on
Steelmaking 1988) are also shown in Table 2.
4.~ Relationship between AﬁB and A§g:;

Figure 2 shows t. relationship be-
tween AH, and ASE X, both calculated as in
the preceding seCtion. As can be seen from
this figure, the relationship is dependent
upon temperature.

When A and B in an A-B alloy have
nearly the same values of molar volume and
atomic weight, the following approximate
relation can be derived from Eqs.(11)-(14).

8y = {14.0/(1/Tm, ,+1/Tn, }ASEY  (16)

Plots of AHB(I/Tm'A+Tm’B) against
ASEX are shown in Fig.3." It 1Is evident from
this figure that AH_ (1/Tm, +1/Tm, ) is pro-
portional to ASEX 33 proposed in Eq (16).
Hence, the relationship between AHB and A§ x

depends on the melting points Tm,, and Tm.
of the components of the alloy an% the ratlo
of AHB to ASEX pecomes larger when the alloy
is composed of the components with higher
melting points.

5.- Conclusion.

The relationship between AH, and AgEX
in infinite dilution of liquid binary alloys
has been discussed on the basis of the free
volume theory. It is shown that the rela-
tionship is dependent upon the melting
points of the components.
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Table 2 Values of Afl,/kJmol~1 by Miedema's
semi-empirical method and calculated
results for ASEx/JK-lmo1~! and ACEX/
kJmol~l. Values in parenthesis are
experimental values: *-Hultgren et

al, (1973), **-The 19th Committee on
Steelmaking (1988).
System Temp. AﬁB Aggx ACEX
5 A B
& Al Au 1338 -92 -12.2 -76(-140)%
g Al Cu 1373  -28 -3.7 -23( -36)%
- Al Fe 1873 =41 -6.2 -29( -56)*
4 Al In 1173 30 4.8 25( 23)*
g Al Sn 973 19 3.1 16( 15)*
B Al 7a 1000 2 0.1 2( 6)*
a Cu Ag 1423 10 1.4 8( 14)%
Cu Al 1373  -34 -4.5 -27( -36)*
Cu Au 1550  -42 ~4.8 -34( -24)%
Cu Fe 1823 52 4.7 44( 36)*
Cu Pb 1473 41 6.6 32( 20)*
Cu Sn 1400 -6 -0.6 -5( -57)*
0 Cu T1 1573 43 6.6 33( 26)*
Distance from Cell Center Fe Ag 1873 123 12.6 99( 83)**
Fe Al 1873  -48 -7.0 —35( -47)**
Fig.l Interatomic potential in a cell. Fe Co 1873 -2 ~-0.2 -2( -9)**
Fe Cr 1873 -6 -0.9 -4( 2)**
Fe Cu 1873 50 4.5 42(  34)**
Fe La 1873 25 3.8 18( 35)**
Fe Mn 1873 1 0.0 1¢( 6)**
Fe Mo 1873 -9 -2.5 -4( 0)**
Fe Nb 1873 -70 -6.3 -58( -25)*%%
Fe Ni 1873 -6 -0.6 -5( -7)**
Fe Pb 1873 160 19.7 123( 105)**
Fe Si 1873 -75 -10.7 -55(-103)**
Fe Sn 1873 56 5.2 46( 15)**
Table 1 Physical properties used in the Fe Ta 1873 ~-67 -7.1 ~54( -50)**
calculation of AEEX. Fe Ti 1873 -74 -5.9 -63( -73)**
Vii/Cm3mol‘1, Tm,../K, B,./-. Fe V 1873  -29 -2.5 —24( -36)**
H 1t Fe W 1873 0 -3.9 7(  0)**
v T Fe Zr 1873 -118 -8.9  -101( =51)*=*
i - m,.. f3.. i V.. Tm,.. B.. Ne Hg 673 -42 -15.3 -31( -34)*
M L1l —d 1 P Na In 713 -20 -10.0 -13( -1)*
Ag 10.25 1234 0.47 Mo 9.39 2903 0.50 Na K 384 6 3.1 5( 3)*
Al 9.99 933 0.52 Na 23.78 371 0.49 Na Pb 700 -70  -2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>